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Abstract 

 
 

Formaldehyde is a fundamental driver of genomic instability.  This has led to the 

evolution of a two-tiered defence system that engages metabolic detoxification (“tier-

1” via ALDH2 and ADH5) and DNA repair pathways (“tier-2” via Fanconi’s anaemia 

repair (FA) and transcription coupled repair). Strikingly, ~540 million people of East 

Asian descent carry a variant in the ALDH2 allele (ALDH2*2), which impairs tier-1 

protection. When these carriers also incur mutations in ADH5 or FA repair, they 

develop significant disease, characterised by leukaemia, bone marrow failure, 

developmental abnormality and shortening life span. Given this predisposition, the 

high prevalence of ALDH2*2 is surprising, suggesting this allele has evaded selection 

by conferring an underappreciated selective advantage, or that its effects become 

significant only over time. In this thesis, I explore whether ALDH2 deficiency may 

confer a selective advantage through enhancing humoral immunity. I compare the 

humoral immune response of Aldh2-/- mice to model antigens (HEL, OVA, BSA and 

HA), finding ALDH2-deficiency influenced humoral immunity in an antigen dependent 

manner, which may be significant in helping ALDH2*2 carriers to resist certain 

infections. I also investigate how tier-1 deficiency drives ageing in the blood. An 

existing model of tier-1 deficiency, Aldh2-/-Adh5-/-, shows features of accelerated 

ageing, including cell-fate bias and somatic mosaicism, but its extreme perinatal 

lethality prevents its use to study ageing as a time-dependent process. To address 

this, I use Vav1iCre to delete ALDH2 specifically in the blood of Adh5-/- mice. This 

rescued the peri-natal lethality, and revealed features of haematopoietic ageing, 

though without clonal haematopoiesis. Together, these models demonstrate that 

endogenous formaldehyde can drive instructional changes on stem cell fate, providing 

insight into how endogenous formaldehyde may act as a fundamental driver of ageing. 

This work has significant implications for understanding mechanisms of ageing and 

disease in the 540 million individuals with compromised tier-1 protection. 
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Chapter 1 
 
 
Introduction 
 

1.1 DNA damage as a driver of ageing 
 

1.1.1 DNA is an unstable molecule 
 

Life hinges on the stable maintenance of genetic information, yet genetic information 

is carried in an inherently unstable molecule. The mammalian genome is estimated to 

undergo between 10,000 and 100,000 lesions a day – a product of spontaneous 

hydrolysis of purines, errors in DNA replication, and a constant barrage of exogenous 

and endogenous stressors (Lindahl, 1993). These stressors derive from elements 

encountered in everyday life, for example, UV exposure from sunlight drives formation 

of pyrimidine dimers and pyrimidine-pyrimidine 6-4 photoproducts between adjacent 

bases, forming bulky distortions in the DNA helix (Van Steeg & Kraemer, 1999). 

Reactive oxygen (ROS) and reactive nitrogen species produced from aerobic 

respiration, can cause oxidation of guanine molecules, forming 8-oxo-guanine, which 

can be mis-read as T bases during DNA replication (Kawanishi et al., 2006). Reactive 

aldehyde species, such as formaldehyde, can induce covalent crosslinks between 

bases and proteins, that block the progression of transcriptional and replication 

machinery (Hodskinson et al., 2020; Oka et al., 2024). These lesions can lead to 

generation of single stranded and double stranded breaks (SSBs and DSBs, 
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respectively). DNA damage results in changes to the underlying nucleotide sequence, 

introducing mutations (substitutions, insertions and deletions) and chromosomal 

aberrations, which underlie the risk of cancer and genetic disease (Schumacher et al., 

2021).  

 

Eukaryotes have evolved a plethora of enzymes that confer protection against these 

events. In the first instance, stalled replication forks can be bypassed by specialised 

translesion polymerases (TLS), which are error prone but enable tolerance of DNA 

damage (McCulloch & Kunkel, 2008). Alternatively, lesions can be directly repaired. 

One class of repair is that performed by excision repair enzymes, which recruit 

endonucleases to excise the lesion, and polymerases and ligases to fill in the 

generated gap. These pathways constitute mismatch repair, base excision repair and 

nucleotide excision repair (NER). During transcription, the stalling of RNA polymerase 

II upon encountering a lesion initiates a transcription-coupled NER (TC-NER) 

response, while lesions are also directly recognised by NER machinery independently 

of transcription, drive global genome NER (GG-NER) (Huang & Zhou, 2021).  

 

DSBs are repaired by two mechanisms: non-homologous end joining (NHEJ) or 

homologous recombination (HR) (Iyama & Wilson, 2013). NHEJ directly ligates broken 

DNA ends together. This process is error prone, as compatible ends are generated by 

the removal of bases at the site of the break, however, it has its advantage in being 

operative during G1 of the cell cycle, and is rapidly activated (Mao et al., 2008). 

Homologous recombination only takes place during S/G2, but facilitates the accurate 

repair of the DNA break using the undamaged sister chromatid as a template across 

which the gap is restored, thus avoiding the loss of genetic information.  
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Interstrand crosslink repair by the Fanconi anaemia (FA) pathway, removes crosslinks 

between bases that block replication fork progression, and requires elements of 

excision, TLS and homologous recombination to complete its task. Mutations in 

proteins found in the FA repair pathway, result in severe developmental abnormalities, 

and rapid onset of bone marrow failure (BMF; on average by age 7) and significantly 

increased risk of cancer development, including 600-fold increased risk of acute 

myeloid leukaemia, and 5000-fold increased risk of myelodysplastic syndrome 

(Shimamura & Alter, 2010).  

 

Activation of these repair pathways is controlled by a signalling cascade known as the 

DNA damage response (DDR). This is governed by the activity of three related 

kinases: ataxia-telangiectasia mutated (ATM), ATM and Rad3-related (ATR) and 

DNA-dependent protein kinase (DNA-PK) (Blackford & Jackson, 2017). These are 

responsible for direct recruitment of DNA repair proteins to sites of DNA damage, as 

well as activation of downstream effector pathways (such as p53, CHK2 and PPMD1), 

which coordinate wider cellular and transcriptional processes, such as autophagy and 

cell cycle response (Niedernhofer et al., 2018). The timing and strength of their 

activation determines whether the cell will undergo apoptosis, cell cycle arrest, or 

engage DNA repair (Blackford & Jackson, 2017). The combined action of these repair 

and signalling pathways protects the body from genomic instability and keeps the 

mutation rate of the mammalian genome to only ~20.7 substitutions and ~1.3 indels 

per year (Abascal et al., 2021). 
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1.1.2 Genomic instability drives processes observed in ageing 
 

Inefficiencies and inaccuracies in DNA repair machinery means DNA damage 

accumulates in all tissues as we age (Abascal et al., 2021; Alexandrov et al., 2015). 

This is detected through markers that reflect incidence of DSBs, such as comet tail 

movement and phosphorylation of Ser139 on H2AX (𝛾H2AX) (Beerman et al., 2014)) 

and accumulation of mutations (Abascal et al., 2021; Spencer Chapman et al., 2025). 

Capacity for DNA repair also declines (Beerman et al., 2014; Sedelnikova et al., 2008). 

As such, accumulating DNA damage is postulated as a key element of continual loss 

of somatic function that features in the ageing process (Figure 1.1; Kirkwood, 2005). 

 

The contribution of DNA damage to driving the ageing process is emphasised by the 

occurrence of progeroid conditions arising from mutations in DNA repair enzymes. 

Patients with loss of function mutations in genes encoding TC-NER enzymes (CSA, 

CSB, XPB, XPD or XPG) suffer a profound condition known as Cockayne Syndrome 

(CS) (Karikkineth et al., 2017). These defects typically manifest in long-lived, non-

replicative tissues that rely heavily on TC-NER; patients exhibit neurodegeneration, 

cataracts, osteoporosis, hearing loss, multiple-organ failure and a shortened life 

expectancy. Similar symptoms are also observed in patients with Werner’s syndrome, 

who carry loss of function mutations in RecQ helicase, essential for unwinding DNA 

strands (Oshima et al., 2017). Accelerated features of ageing are also seen in genetic 

mouse models of DNA repair deficiency – genetic deletion of NHEJ, NER or telomere 

maintenance proteins in mice caused accelerated decline in the ability of 

haematopoietic stem cells (HSCs) to proliferate or transplant, analogous to the 

functional decline observed in aged HSCs (Nijnik et al., 2007; Rossi, Bryder, et al., 

2007; Rossi et al., 2005). Deletion of ERCC1 in mice, ablating the essential 
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endonuclease common to GG-NER, TC-NER and FA pathways, drives premature 

ageing of the musculoskeletal, hepatic, neurological, cardiovascular and 

haematopoietic systems, and shortens lifespan to just 3 weeks (Niedernhofer et al., 

2006). These patients and models highlight how endogenously produced DNA 

damage needs to be repaired, and that failure to repair these directly accelerates the 

ageing process. 

 

While these are extreme scenarios, we are regularly exposed to carcinogenic agents 

that drive DNA damage, with deleterious consequences, for example, use of platinum 

and radiation-based chemotherapy, as well as lifestyle factors such as smoking and 

alcohol consumption. These agents induce DNA damage across tissues and 

accelerate the loss of diversity and acquisition of mutations in stem cell populations in 

somatic tissues, including in the blood (Mitchell et al., 2025), oesophageal epithelium 

(Martincorena et al., 2018; Yokoyama et al., 2019) and bronchial epithelium (Yoshida 

et al., 2020). This loss explains the decline of somatic function and regenerative 

capacity (López-Otín et al., 2013) and increases the risk of developing neoplasia 

through acquisition of secondary mutations (Knudson, 1971), or increased sensitivity 

to exogenous agents (Balmain, 2020). Indeed, children treated for primary cancer by 

cisplatin or radiation are at a significantly increased risk of developing severe chronic 

health conditions by the age of 35, particularly cardiac events or new cancer 

(Armstrong et al., 2014).  

 

DNA damage-associated decline in function with ageing is mitigated in part by the 

DDR (reviewed by (Ou et al., 2018)). For example, hypermorphic mutations of p53 

induce phenotypes of premature ageing in the blood, including atrophy of blood 
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populations and functional failure to engraft on transplantation (Dumble et al., 2007). 

Conversely, the accelerated incidence of BMF in FA patients is dependent on 

constitutive activation of p53 in haematopoietic stem and progenitor cells (HSPCs), 

which drives p21 induction and cell cycle arrest (Ceccaldi et al., 2012). When p53 was 

depleted, this arrest was no longer observed. In the ageing blood, HSCs are usually 

quiescent and accumulate DNA damage that is not actively repaired until they are 

induced to cycle (Beerman et al., 2014; Flach et al., 2014; Rossi et al., 2007). Upon 

cell cycle entry, DNA damage is recognised by stalling replication machinery, and a 

DNA damage response is induced. The scale of which increases dependent on the 

amount of DNA damage encountered (a function of time) resulting in transcriptional 

changes in HSCs, such as decreased ribosomal biogenesis, and can trigger apoptotic 

signalling, thus driving loss of function in the HSC pool over time (Flach et al., 2014; 

Walter et al., 2015). Persistent signalling of the DDR through p53, can also lead to 

permanent cell cycle arrest (i.e. senescence) (Rodier et al., 2009). The centrality of 

senescent cells to contributing to decline of tissue function with age is best 

demonstrated by experiments that genetically or pharmacologically clear senescent 

cells in vivo, in normally aged mice. For instance, targeted killing of p16 expressing 

cells (a key hallmark of senescence), which significantly increased life span and 

attenuated loss of tissue function in the heart and kidneys (Baker et al., 2016). Similar 

effects were observed following use of pharmacological agents, senolytics, which 

selectively clear senescent cells, which were able to restore HSC reconstitution 

efficiency in cells taken from aged mice (Chang et al., 2016).  



 Roles for endogenous aldehydes in haematopoietic ageing and immunity   

 Oliver Beaven - 2025  19 

 
Figure 1.1 DNA damage as a driver of ageing 
Model of DNA damage as a driver of ageing, adapted from Schumacher et al., 2021. 
DNA molecules are damaged by endogenous and exogenous routes, changing the 
structure and sequence of DNA, resulting in transcription and replication stress, and 
genetic aberration. These can themselves, or through the DNA damage response, 
disrupt tissue processes and stem cell activity, which drives ageing as these occur 
continuously through life. ROS – Reactive Oxygen Species, UV – ultraviolet. 
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1.2 Aldehydes as an endogenous source of DNA 
damage 
 

While the consequence of DNA damage is clear, the exact causative agents that 

generate the DNA damage observed in normal ageing is not. Study of single base 

substitution signatures (SBS) provides insight to the overall load and pattern of 

mutations present, which may point to the mutagenic agents driving DNA damage in 

that tissue. This is clear in cases with known mutational drivers, such as 

chemotherapeutic agents (Mitchell et al., 2025), as with common C>T mutations, 

resulting from spontaneous 5-methylcytosine deamination, driving the endogenous 

COSMIC SBS1 signature routinely observed in ageing (Alexandrov et al., 2015; 

Cagan et al., 2022). A candidate approach using CRISPR-Cas9 screening of iPSCs 

found that deletion of 8-oxoguanine glycosylase 1 (OGG1), which removes 8-oxo-dG 

adducts induced by ROS, significantly increased G>T (C>A) mutations, with similarity 

to SBS18, also shown to increase with age (Cagan et al., 2022; Zou et al., 2021). 

However, the aetiology of the most pervasive mutation signature, SBS5, which 

accumulates with age in all tissues across organisms, remains ambiguous (Abascal 

et al., 2021; Alexandrov et al., 2015; Cagan et al., 2022; Spencer Chapman et al., 

2025).  

 

Genetic models offer a convenient approach through which we can characterise the 

substrates of DNA repair enzymes, which contribute to the DNA damage and 

mutations observed with age. In a simple example, patients deficient in Xeroderma 

Pigmentosa proteins (involved in GG-NER) are hypersensitive to UV irradiation, which 

forms bulky 6-4 photoproducts and cyclobutene pyrimidine dimers that blocks DNA 

replication and transcription. As a result, these patients are at a 1000-fold increased 
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risk of developing skin cancer (Van Steeg & Kraemer, 1999). However, the agent of 

DNA damage requiring repair is not so clear for FA and CS. To make things harder, 

the major clinical manifestation of FA and CS are not observed in mice upon genetic 

deletion of FA and TC-NER repair factors. This is despite indications of functional 

decline, for example, LT-HSCs of Fanca-/- mice accumulate DNA damage in vivo, 

which results in their attrition with age (Walter et al., 2015) and perturbed foetal 

haematopoietic development in Fancc-/- (Kamimae-Lanning et al., 2013). This may 

suggest that the endogenous substrate necessitating TC-NER and FA is insufficiently 

present in mice. ROS is a widely postulated factor of DNA damage that accumulates 

in age, and FA mice do show increased sensitivity to ROS. Indeed, LT-HSCs in Fanca-

/- mice present elevated 8-oxo-dG lesions and DSBs that could be partially reversed 

upon over-expression of superoxide dismutase 2 (SOD2; responsible for clearing 

ROS) (Walter et al., 2015). However, while genetic deletion of SOD1 in Fancc-/- mice 

induced reductions in red blood cell counts, bone marrow cellularity, and ex vivo 

colony forming capacity of bone marrow cells, it did not induce the profound BMF 

observed in human FA patients (Hadjur et al., 2001). Furthermore, Ogg1-/-Csb-/- mice 

(deficient in 8-oxo-dG clearance and TC-NER) had more C>T mutations in 5-month-

old livers, but did not exhibit clinical signs of CS (Trapp et al., 2007). Therefore, it is 

unlikely that ROS are the major substrates of endogenous DNA damage that 

necessitate these pathways.  

 

1.2.1 Endogenous formaldehyde and acetaldehyde drive DNA 
damage in mice and humans 
 

Formaldehyde and acetaldehyde are highly reactive chemical species that adduct 

DNA bases, as well as lysine and cysteine residues in proteins, which can evolve to 
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form covalent crosslinks between DNA, RNA and proteins (Fen et al., 1980; 

Hodskinson et al., 2020; Lu, Ye, et al., 2010; Tuma et al., 1987; Wang et al., 2000). 

Pioneering work by the Patel lab, revealed that endogenously derived aldehydes are 

substrates for the FA and TC-NER pathways in vivo. This was first shown through 

combined genetic deletion of mitochondrial aldehyde dehydrogenase 2 (ALDH2), 

which oxidises formaldehyde and acetaldehyde to formate and acetate, respectively, 

with loss of essential FA pathway protein, FANCD2 (Figure 1.2). The subsequent 

Aldh2-/-Fancd2-/- mice, had a significantly shortened lifespan (145 days vs >600 in 

controls) and display profound anaemia, BMF and/or acute leukemia, with significant 

numerical and functional decline of the HSC compartment, reminiscent of human FA 

patients (Garaycoechea et al., 2012; Langevin et al., 2011). These phenotypes 

coincide with significantly increased markers of DNA damage, such as 𝛾H2AX, 

increase in chromosomal translocations, red-blood cell micronuclei, sister-chromatid 

exchanges, and mutations in the blood compartment (Garaycoechea et al., 2012, 

2018). This led to the description of a “two-tier” protection mechanism against 

aldehydes, the first tier operating through metabolic clearance, and the second 

through mechanisms of DNA repair. By ablating both, we highlight aldehydes as 

essential substrates of endogenous DNA damage. 

 

Validation that endogenous aldehydes contribute to the DNA damage burden in 

humans, comes from a cohort of Japanese FA patients carrying the common ALDH2 

variant, rs671 [ALDH2*2, Glu504>Lys, the wild type demarked ALDH2*1] (Hira et al., 

2013). The ALDH2*2 variant encodes the ALDH2 protein with a lysine substitution at 

position 504, disrupting the formation of the functional homotetrameric structure of 

ALDH2 in a homozygous dominant manner, making ALDH2*2/*2 individuals unable to 
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detoxify acetaldehyde. ALDH2*1/*2 individuals retain some detoxification capacity 

owing to residual ALDH2*1 stabilising the tetrameric structure (Larson et al., 2005; 

Xiao et al., 1996; Zhou & Weiner, 2000). Inability to clear acetaldehyde leads to the 

characteristic “Asian flush” reaction in ALDH2*2/*2 individuals following alcohol 

consumption (Harada et al., 1981). Hira et al. observed that FA patients with ALDH2*2 

alleles had significantly accelerated progression of BMF compared to carriers of the 

WT variant, with homozygotes showing faster progression than ALDH2*1/*2 

heterozygotes, mirroring observations of the Aldh2-/-Fancd2-/- mice. This shows that 

endogenous aldehydes in humans are causing DNA damage requiring the FA repair 

pathway. 

 

Later work focused on generation of genetic models that combined deletion of alcohol 

dehydrogenase 5 (ADH5), which clears formaldehyde by conversion of formaldehyde-

glutathione conjugates to formate, with FANCD2 deletion. The subsequent Adh5-/-

Fancd2-/- mice, had a considerably more severe phenotype than Aldh2-/-Fancd2-/- 

mice, shortening median lifespan to just 33 days, with additional induction of DNA 

damage and organ failure in the liver and kidneys (Pontel et al., 2015). This work led 

to the suggestion that ADH5 substrates are likely the dominant target of tier-1 

protection. Combined genetic deletion of ADH5 with the essential TC-NER protein 

CSB (Adh5-/-Csb-/-), lead to mice developing severe progeroid manifestations 

reminiscent of human CS, including skeletal abnormalities, cachexia, profound 

neurodegeneration, and significant risk of renal failure (Mulderrig et al., 2021). The 

study of compound Adh5-/- and DNA repair deficient models extended our 

understanding of endogenous aldehydes as a substrate essential to multiple 
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mechanisms of DNA repair, across multiple tissues, thus serving as fundamental 

drivers of DNA damage in organisms. 

 

1.2.2 Aldehyde clearance is essential to genomic stability even in 
the presence of DNA repair 
 

Similar to how single knock-out models of FA and CS exhibit phenotypes mild 

compared to humans, single Aldh2-/- mice present no endogenous phenotype. Adh5-/- 

mice present increased risk of hepatocellular carcinoma, and increased number of 

Lineage- cKit+ Sca1+ (LKS) cells with reduced functional activity upon inflammation 

stress or transplantation, but these endogenous phenotypes do not arise until late in 

life (Liu et al., 2004; Pontel et al., 2015; Wei et al., 2010). However, combined genetic 

deletion of ALDH2 and ADH5 in vivo, reveals that these enzymes work in a redundant 

manner, resulting in severe perinatal lethality, developmental defects, anorexia, 

anaemia and increased risk of acute leukaemia, hepatocellular carcinoma and 

lymphoma in mice (Dingler et al., 2020; Oka et al., 2020). Analysis of DNA damage 

markers in the blood, including red blood cell micronucleation (markers of DSBs), 

sister chromatid exchanges (indicative of active HR-repair) and quantification of 

mutations, and more recently DPCs, highlights that the endogenous formaldehyde 

burden is sufficient to overwhelm the intact DNA repair machinery to drive disease 

(Dingler et al., 2020; Oka et al., 2024). Interestingly, analysis of the mutational 

signature within clonally expanded HSPCs of Aldh2-/-Adh5-/- mice revealed a distinct 

mutational profile with high cosine similarity with SBS25, SBS40, SBS5 and SBS3, 

associated with multiple cancers (Alexandrov et al., 2020; Dingler et al., 2020). The 

similarity with SBS5 is particularly intriguing, as it suggests that aldehydes may well 

be contributing to the mutational processes that feature ubiquitously through life.  
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Human patients with combined ALDH2 and ADH5 deficiency were also described and 

mirrored the features of these mice, including aplastic anaemia, mental retardation, 

dwarfism, BMF and leukemic disposition early in life. This condition is now described 

as Aldehyde Dehydrogenase Deficiency Syndrome (ADDS) and emphasises the 

capacity for endogenous formaldehyde to compound in severe human disease even 

in the presence of intact DNA repair (Dingler et al., 2020; Oka et al., 2020).  

 

 

Figure 1.2 Two-tier protection and formaldehyde deficient models 
(Top) Mechanism of two-tier protection against endogenous aldehydes. 
Formaldehyde and acetaldehyde are detoxified by ADH5 and ALDH2, which serves 
as “tier-1” protection against accumulation of formaldehyde induced DNA damage. 
“Tier-2” operates through repair of lesions on DNA induced by aldehydes and is 
performed by both the FA (involving FANCD2) and TC-NER (involving CSB) 
pathways. (Bottom) Details of the severe phenotypes observed upon genetic ablation 
of tier-1 and tier-2 in tandem, or both arms of tier-1. 
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1.2.3 Pathways of endogenous aldehyde production 
 

Formaldehyde is a common atmospheric pollutant, however, tracing of N2-

hydroxymethyl-dG adducts (N2-HOMe-dG, formed by formaldehyde adduction of 

guanine, reduced to N2-Me-dG by NaCNBH3, which is quantified by LC-MS), derived 

from inhaled 13C-labelled formaldehyde relative to endogenous 12C-formaldehyde, 

highlights that the vast majority of formaldehyde observed in the body is produced 

endogenously (Lu et al., 2010). The diet is an important source of aldehydes, for 

example, breakdown of pectin in the cell walls of fruits and vegetables by the 

microbiome, produces methanol (converted to formaldehyde by alcohol 

dehydrogenases), as well as alcohol consumption (ethanol being converted to 

acetaldehyde) (Dorokhov et al., 2015). However, aldehydes are also produced from a 

number of other metabolic processes. These include: decomposition of folate to 

formaldehyde during 1-carbon metabolism (Burgos-Barragan et al., 2017); conversion 

of glycine and alanine to formaldehyde and acetaldehyde, respectively, by 

myeloperoxidase (MPO) expressed in neutrophils (Hazen et al., 1998); demethylation 

of lysine on histones by JmjC-domain containing demethylases and LSD1 (Klose et 

al., 2006); metabolism of choline by dimethylglycine and sarcosine dehydrogenases 

(Porter et al., 1985); glycine metabolism by CYP2E1 (Clejan & Cederbaum, 1992; 

Hartman et al., 2017); and lipid-peroxidation of unsaturated fatty acids (Tamura et al., 

1991). These routes of production have been extensively reviewed elsewhere 

(Dorokhov et al., 2015; Reingruber & Pontel, 2018). 

 

In humans, the combined action of these pathways leads to an estimated serum 

concentration of between 10-100µM (Reingruber & Pontel, 2018). Interestingly, this is 

much lower in WT mice (~4µM), but increases upon genetic deletion of tier-1 enzymes 
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(Dingler et al., 2020), possibly explaining why mice are more tolerant of single genetic 

deletions of FA/TC-NER repair enzymes than humans. Furthermore, while these 

pathways of endogenous production exist, their relative contribution to the 

endogenous formaldehyde load is unknown. Similarly, the contribution of ALDH2 to 

formaldehyde catabolism in vivo only becomes apparent when combined with deletion 

of ADH5. It may be that there are other enzymes involved in clearing these aldehydes 

whose effects are under-appreciated due to the dominant effect of ADH5. 
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Figure 1.3 Mechanisms of aldehyde production and detoxification 
Methanol and ethanol from the diet are converted to formaldehyde and acetaldehyde, 
respectively, by alcohol dehydrogenases (ADH), as well as catalase and cytochrome 
monooxygenase CYP2E1 (with ADHs likely representing the dominant route) 
(Dorokhov et al., 2015). Endogenous routes of formaldehyde production are detailed 
(Reingruber & Pontel, 2018). Formaldehyde reacts with free glutathione (GSH) in the 
cytoplasm, which produces S-hydroxymethyl-GSH, which ADH5 oxidises to S-formyl-
GSH. This is subsequently converted to formate by S-formylglutathione hydrolase 
(FGH), regenerating free GSH. By contrast, mitochondrial ALDH2 acts on 
formaldehyde (or acetaldehyde) directly, producing formate (or acetate) (Reingruber 
& Pontel, 2018).  
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1.2.4 Questions on the mechanism of formaldehyde pathology 
 

Most of the enzymes involved in the pathways of formaldehyde production are 

expressed in the liver, which may therefore be thought of as the centre of 

formaldehyde production (main site of ADH expression (Edenberg, 2007) and folate 

metabolism (Steinberg, 1984)). Nevertheless, the Adh5-/-Fancd2-/- and Adh5-/-Csb-/- 

models demonstrate that formaldehyde drives pathology across tissues. This is further 

supported by quantification N2-Me-dG adducts across the body of tier-1 deficient mice, 

finding high levels of adduction in liver, kidney and brains (Dingler et al., 2020; 

Mulderrig et al., 2021). This raises the questions of how much formaldehyde is 

produced intrinsically within a tissue and what determines the tolerance of 

formaldehyde in different tissues? As formaldehyde is highly detectable in the blood, 

it is likely that much of the formaldehyde encountered in tissues is extrinsically derived. 

Recent work by Holly Russell in the group showed that re-instating ADH5 expression 

in the blood of Adh5-/-Csb-/- mice alleviated features of neurodegeneration and kidney 

failure, with these tissues also having significantly fewer N2-Me-dG adducts, indicative 

of reduced formaldehyde load, although still significantly higher than WT controls 

(H.Russell Thesis, Oxford). This highlights the significance of the blood in the systemic 

regulation of formaldehyde levels through the body and points to a potential avenue 

of therapeutic development. However, when ADH5 expression was reinstated in the 

blood of Adh5-/-Fancd2-/- mice, kidney and liver function was not restored. Therefore, 

while a high formaldehyde load contributes to the progression of disease states, 

tolerance is governed by the intrinsic pathways that can be raised to clear the damage. 

 

Aldh2-/-Adh5-/- mice are distinct from two-tier deficient models as they have in-tact DNA 

repair. Aldh2-/-Adh5-/- mice have a milder haematopoietic defect than seen in Aldh2-/-
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Fancd2-/-; Aldh2-/-Adh5-/- mice have 2-fold reduced LKS compartment against Adh5-/- 

controls, while Aldh2-/-Fancd2-/- mice have a ~30-fold reduced at 8-12 weeks against 

Aldh2-/-. Similarly, quantification of red-blood cell micronucleation sees Aldh2-/-Fancd2-

/- ~9.5-fold higher than WT, while Aldh2-/-Adh5-/- are ~5-fold higher, suggesting less 

DNA damage is incurred in the blood of Aldh2-/-Adh5-/- mice. Nevertheless, most of 

these mice die shortly after birth. This suggests that, while overwhelming DNA repair, 

DNA damage may only feature as one element of the pathology. How formaldehyde 

drives damage in other tissues (kidney and liver) is not exactly known, as the 

peripheral tissue phenotypes have not been studied. We may expect features of tissue 

degeneration in overwhelming of TC-NER and FA repair pathways, as expected from 

the high adduct levels. Alternatively, however, formaldehyde is also capable of 

damaging wider cellular processes, e.g. through driving protein aggregation. This has 

already been suggested in case of Adh5-/- mice, where deletion of the integrated stress 

response (ISR) element CHOP, rescued the functional disadvantage of Adh5-/- HSCs 

upon transplantation (Yi et al., 2021). Although in this paper the effects were mild, 

Aldh2-/-Adh5-/- mice would be under a significantly greater formaldehyde burden, which 

may exaggerate these effects. Indeed, endogenous formaldehyde drives chronic 

expression of the anorexic hormone GDF-15 (growth/differentiation factor 15) in Adh5-

/-Csb-/- mice, which is responsible for the anorexic phenotype observed in these mice 

(Mulderrig et al., 2021). GDF-15 activation is downstream of p53-signalling, hence 

responsive to DNA damage, but can also be upregulated in response to physiological 

stressors, such as the unfolded protein response, nutrient deprivation, hypoxia and 

lipotoxicity (Lockhart et al., 2020; Wang et al., 2021). It is possible that these wider 

pathways drive expression of GDF-15 in Aldh2-/-Adh5-/- mice, which may account for 

their extreme anorexic phenotype. 
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1.2.5 The ALDH2 paradox in human populations 
 

Given the necessity of functional ALDH2 in protection against FA progression and 

ADDS, deficiency in tier 1 protection carries the risk of developing further disorders in 

a manner reminiscent of the “two-hit hypothesis” of cancer development (Knudson, 

1971). After losing ALDH2, there is increased propensity of acquiring second 

mutations, potentially in DNA repair genes, and increased dependence on functional 

mechanisms of DNA repair to protect against aldehyde induced damage. Indeed, 

profiling of oesophageal squamous cell carcinomas (ESCC) found that alcohol-

consuming patients carrying the ALDH2*2 allele, exhibit characteristic elevation of the 

mutational signature SBS16, which is frequently observed withinin driver genes of 

ESCC in alcoholics, such as TP53 (Moody et al., 2021). More broadly, ALDH2*2 

carriers are at significantly increased risk of oesophageal, head and neck, stomach 

and lung cancers if alcohol is consumed (Im et al., 2022). Remarkably, despite these 

risks, the ALDH2*2 allele is carried by 540 million people worldwide, originating from 

individuals of Han Chinese descent (Brooks et al., 2009). This raises an interesting 

evolutionary question as to how this variant is so common when its disadvantages are 

so clear. Even more so, approaches based on the measuring average haplotype 

lengths, suggest that the frequency of this allele has increased rapidly within the last 

2000-3000 years (Cong et al., 2022; Field et al., 2016; Luo et al., 2023; Okada et al., 

2018; Taliun et al., 2021). This raises the possibility that the ALDH2*2 variant may 

convey an underappreciated positive effect that supports its positive selection human 

populations. 
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1.3 Endogenous formaldehyde as a driver of 
haematopoietic ageing 
 

1.3.1 Haematopoiesis is dynamically maintained  
 

Approximately 90% of daily cellular turnover in the human body takes place in blood, 

amounting to ~280 billion cells a day (Sender & Milo, 2021). This phenomenal 

proliferative output has its origins in a comparatively small number of HSCs, which can 

self-renew and retain a pluripotent state that allows them to differentiate into the cells 

of the blood system. HSCs are thought to exist as either long-term (LT) or short-term 

(ST) populations, classified based on their metabolic status and ability to reconstitute 

lineages upon transplantation (Yamamoto et al, 2018). In vivo lineage tracing in native 

haematopoiesis using genetic and fluorescent barcoding, revealed that HSCs 

contribute very infrequently to native haematopoiesis, contributing to downstream 

progeny in short-lived windows, which are asynchronously recruited such that only a 

limited number of HSCs contribute to blood production at any one time (Bernitz et al., 

2016; Busch et al., 2015; Rodriguez-Fraticelli et al., 2018; Sun et al., 2014). HSCs not 

contributing to blood production are maintained in a quiescent state, believed to help 

prevent acquisition of somatic mutations that might facilitate neoplastic transformation, 

or amount epigenetic changes that reduce pluripotency (Beerman et al., 2014; Bernitz 

et al., 2016; Rossi et al., 2007). 

  

Steady-state blood production is mostly carried out by multi-potent progenitors (MPP), 

which retain their proliferative capacity and differentiate into downstream progeny. 

MPPs can be subdivided based common surface markers (LKS CD34+), but different 

expression of Flt3, CD150 and CD48, and distinct transcriptional profiles, which 
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reveals different lineage potential upon transplantation: MPP1 (also termed ST-HSCs, 

reflective of their limited ability to reconstitute lineages upon serial transplantation), 

MPP2 (megakaryocyte/erythroid biased), MPP3 (granulocyte/macrophage biased) 

and MPP4 (lymphoid biased) (Pietras et al., 2015). Single cell transplantation 

experiments and in vivo lineage tracing of HSC populations, revealed that the lineage 

biases that determine MPP fate are already present within the upstream HSC 

populations (Pei et al., 2020; Rossi et al., 2005; Sanjuan-Pla et al., 2013; Yamamoto 

et al., 2013), which stem from alterations in the epigenetic profile of LT-HSCs (Meng 

et al., 2023; Meng & Nerlov, 2025).  

 

Lineage tracing of HSC/MPPs in utero has added complexity to the linear relationship 

thought to exist between HSCs and MPPs (Busch et al., 2015; Kobayashi et al., 2023; 

Patel et al., 2022; Pei et al., 2017). These studies suggest that MPPs that contribute 

to haematopoiesis arise in early development, coincident with the timing of HSC 

specification and emergence from the primitive endothelium, suggesting that these 

populations have distinct origins. This has since been supported by phylogenetic 

reconstruction of HSC/MPPs based on the tracing of shared somatic variants between 

existing HSC and MPP clones (Kapadia et al., 2025). Over time, the number of these 

long-lived MPPs (mostly MPP4s) decreases, while new MPPs are increasingly derived 

from upstream HSCs, which are biased towards myeloid differentiation (expanding 

MPP2/3) (Patel et al., 2022; Rodriguez-Fraticelli et al., 2018). Furthermore, lineage 

tracing and single cell transplantation studies have identified LT-HSC populations that 

already have entrained platelet bias, producing MPP2s that can directly differentiate 

into megakaryocytes, without going through the canonical route of megakaryocyte-

precursor specification (Meng et al., 2023; Yamamoto et al., 2018). The proportion of 
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these platelet biased MPP2s also increases with age, further driving downstream 

myeloid bias. Therefore, where haematopoiesis was once understood to derive from 

distinct hierarchically arranged cell populations, we now understand it to exist in a 

state of flux between two clonal populations, each containing substantial heterogeneity 

(Figure 1.4). Understanding signals that drive the processes of fate determination and 

population flux through life is therefore important to understanding and mitigating the 

drivers of haematopoietic ageing. 

 

Figure 1.4 A modern model of haematopoiesis 
Emerging model of haematopoiesis based on endogenous lineage tracing 
experiments. In young mice, the main blood producing population is composed of ST-
HSCs/MPP1s derived from LT-HSCs and early progenitors concomitantly emerging 
from the AGM. These produce MPP2, MPP3 and MPP4, which have lineage biases, 
but contribute to production of all downstream populations. With age, the early-
progenitors are depleted and replaced by progeny of LT-HSCs, which are increasingly 
myeloid bias, including enrichment of platelet biased MPP2s (PLT) that bypass the 
canonical route of megakaryocyte progenitor (MkP) production to produce 
megakaryocytes directly. MPP4s and the lymphoid compartment are no longer 
actively maintained as MPPs become biased for myeloid output. 
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1.3.2 Functional decline and loss of heterogeneity in 
haematopoietic ageing  
 

The haematopoietic system loses functional capacity over time, evidenced by reduced 

transplantation potential of HSCs (Chambers et al., 2007; Dykstra et al., 2011; Rossi 

et al., 2005), cytopenia (Guralnik et al., 2004), and reduced capacity to respond to 

exogenous stressors (e.g. infection) (Mann et al., 2018), accompanied by an 

increased risk of blood cancer. Functional changes are mostly associated with the 

upstream HSC population, as downstream populations are shorter lived and require 

replenishing through life. However, ageing in the upstream populations does result in 

dysfunctional downstream progeny, which disrupts tissue homeostasis (Wong et al., 

2023; Yousefzadeh et al., 2021) and immune protection (Elyahu et al., 2019; 

Montecino-Rodriguez et al., 2013). Indeed, selective depletion of myeloid biased 

HSCs that accumulate with age has recently been shown to rejuvenate the ageing 

immune system (Ross et al., 2024). Considering myeloid-biased HSCs are 

increasingly prevalent with age, it highlights how these age related changes are 

inherently dysfunctional. 

 

This functional decline is a product of life-time accumulation of stressors, such as 

inflammation (Bogeska et al., 2022; Li et al., 2023), changes to the haematopoietic 

niche (Frisch et al., 2019; Ho et al., 2019; Mitchell et al., 2023; Pinho & Frenette, 2019), 

and, DNA damage (already discussed). These processes contribute to extensive 

epigenetic remodelling in HSCs, affecting genes related to cell cycle, response to 

stress, and lineage specification (Chambers et al., 2007; Mann et al., 2018; Meng et 

al., 2023; D. Sun et al., 2014) and is the subject of extensive study (reviewed by (Meng 
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& Nerlov (2025)). The existing cell context (e.g. cycling vs quiescence) affects how 

such signals are integrated, contributing to heterogeneity within the blood 

compartment. A recent meta-analysis on scRNAseq data comparing young and old 

HSCs, led to the description of an HSC “ageing score”, with heterogeneity in the HSC 

state increasing with age (Svendsen et al., 2021). This heterogeneity serves as the 

basis of competition between HSCs, leading to changes in stem cell architecture over 

time. 

 

In humans, HSC/MPP populations deriving from clonal units can become 

disproportionally enriched with age, leading to an overall decline in the diversity of the 

HSC/MPP compartment, in a phenomenon termed Clonal Haematopoiesis (CH) 

(Jaiswal & Ebert, 2019). Classical understanding of CH came from the observation of 

recurrent mutations in a number of genes in human whole exome sequencing data 

(DNMT3A, TET2, ASXL1, JAK2 and TP53 being the most common) which increased 

with age, and are clinically associated with the development of haematological 

cancers (Genovese et al., 2014; Jaiswal et al., 2014; Jaiswal & Ebert, 2019; Xie et al., 

2014). Work has since focused on trying to understand why these may confer a 

competitive advantage. Indeed, mechanisms through which driver events support 

expansion have been found to relate to resistance to factors that drive processes of 

ageing, such as TP53 and PPM1D supporting resistance to DNA damage (Boettcher 

et al., 2019; Hsu et al., 2018); mutations in DNA demethylases DNMT3A and TET2 

support the maintenance of a pluripotent and self-renewing state, normally lost 

through ageing and inflammation (Jakobsen et al., 2024); mutations in JAK2 support 

proliferation in response to growth factor signalling (Kralovics et al., 2005). 
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Adoption of unbiased whole genome sequencing (WGS) of human blood samples 

highlighted that known driver events in CH, only account for a small fraction of the CH 

observed in human populations (Zink et al., 2017). Importantly, incidence of CH 

without known driver mutations was still associated with increased risk of 

haematological malignancy and all-cause mortality. Sequencing of HSC/MPP colonies 

from human donors allowed detailed reconstruction of the phylogenetic relationship 

between HSC/MPP clones, which highlighted that after the age of 70, the blood is a 

composite of a large number of clonal populations (polyclonal), with most mutations 

located in non-exonic regions (Mitchell et al., 2022). This study and others, including 

longitudinal sampling of human patients (Fabre et al., 2022), and meta-analysis of 

patient data (Watson et al., 2020), also reveal that non-synonymous mutations in 

driver genes often arise early in life and often do not develop into clonal expansions 

until later in life, if at all. These studies have therefore matured our understanding of 

CH such that we now bare greater significance to the factors underpinning the 

functional heterogeneity within HSC/MPP populations, as crucially responsible for 

shaping the clonal architecture of the blood.  

 

Precise determination of the relative importance of the stimuli behind this 

heterogeneity in native haematopoiesis is hard to show. These are pleiotropic and act 

in concert to different degrees throughout life. Exogenous challenge models, such as 

irradiation to induce DNA damage (Yu et al., 2016), polyinosinic:polycytidylic acid and 

LPS to model inflammatory stress (Bogeska et al., 2022; Mann et al., 2018), and 

transplantation to test functional capacity (Yamamoto, Wilkinson, Ooehara, et al., 

2018) are useful for understanding how acute stress can alter haematopoiesis, but do 

not represent the native situation. Genetic models of accelerated ageing through 
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dysregulated inflammation (García-García et al., 2021) and ablated DNA repair 

enzymes (Rossi, Bryder, et al., 2007) are also not indicative of physiological ageing. 

A further challenge is that CH is not observed in mice, suggesting that the factors that 

drive functional decline are distinct from those driving CH (Kapadia et al., 2025). 

Phylogenetic analysis of CH in ageing mice revealed some important distinctions 

between the mouse and human situation that might explain this: (1) the pace of HSC 

expansion is greater than HSC/MPP loss through death or differentiation (~6 weeks 

vs ~18 weeks) in mice, facilitating exponential growth of the HSC pool and increasing 

growth advantage required for a clone to be detected (2) mouse HSC/MPPs 

accumulate mutations at a much slower rate than other somatic tissues, and far slower 

than observed in humans. This directly contrast to estimates in humans, where division 

rates are much lower (once every 2-20 months) (Lee-Six et al., 2019), and 

approximately equal to the rate of loss (Körber et al., 2025). This would make human 

clonal populations more sensitive to perturbations that increase the rate of loss. The 

lower mutation rate in mice (despite higher proliferation rate) suggests protection 

against somatic mutations, i.e. DNA damage, is a potential mechanism by which mice 

safeguard against clonal acquisition. Indeed, in humans, chemotherapy and smoking 

are both factors that increase the incidence of CH (Bolton et al., 2020; Mitchell et al., 

2025; Zink et al., 2017), and CH is observed in FA patients who are highly sensitive to 

endogenous DNA damage (Sebert et al., 2023); in both cases, clones are enriched 

where the DDR is downregulated. However, in an endogenous setting, we lack 

mechanistic understanding of how significant endogenous DNA damage is in 

promoting this driverless selection. 
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Figure 1.5 Evolution of clonal haematopoiesis  
(Left) Early in life, blood production is highly diverse and polyclonal, with limited 
functional heterogeneity between clones. (Middle) As we age, life-time exposure to 
DNA damage, inflammation, and ongoing changes in the bone marrow niche 
microenvironment, introduce mutations and epigenetic changes to HSC/MPPs, which 
may confer an advantage, or disadvantage, depending on the cellular context. (Right) 
These forces accumulate over time, leading to expansion of clones able to tolerate 
changes, or which have acquired a mutation that supports proliferation, and loss of 
cells with reduced fitness. Clones that have a proliferative advantage are typically at 
greater risk of developing into a proliferative neoplasm when additional driver 
mutations supporting proliferation are acquired. 
 

 
1.3.3 Aldehydes as drivers of haematopoietic ageing 
 

The severe haematopoietic phenotypes of the Aldh2-/-Fancd2-/- and Adh5-/-Fancd2-/- 

mice highlight the influence of aldehyde induced DNA damage on the blood and recent 

work has advanced our understanding of the mechanistic factors responsible for the 

phenotypes observed. 

 

As discussed, Aldh2-/-Fancd2-/- mice develop a severely anaemic phenotype, with 

early onset of BMF, significant mutation accumulation, and functional decay. 
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Interestingly, these effects were substantially recovered by deletion of p53 

(Garaycoechea et al., 2018). Subsequent scRNAseq profiling of HSPCs from Aldh2-/-

Fancd2-/- mice revealed that these had a prematurely increased transcriptional ageing 

score, with many of the genes upregulated being direct targets of p53 (Wang et al., 

2023). Interestingly, many of these p53-dependent genes are also over-expressed 

when this modelling was applied to other published scRNAseq datasets of normally 

aged blood, reinforcing the contribution of DNA damage to epigenetic remodelling in 

normal ageing.  

 

Aldh2-/-Adh5-/- blood also shows signs of haematopoietic ageing, including more 

mutations, transcriptional upregulation of the DDR, increased transcriptional ageing 

score, myeloid biased haematopoiesis, and reduced transplantation capacity, 

although not as severe as in Aldh2-/-Fancd2-/- and Adh5-/-Fancd2-/- models (Dingler et 

al., 2020; Oka et al., 2020; Wang et al., 2023). This suggests that endogenous 

formaldehyde alone is sufficient to accelerate the ageing process, thus providing a 

physiologically relevant model of ageing, based on amplification of an endogenous 

metabolite, rather than permanent alteration of transcriptional networks (e.g. p53 or 

NF-κB) or DNA repair enzymes. 

 

Recently, Felix Dingler from the group, performed WGS of granulocytes sorted from 

Aldh2-/-Adh5-/- mice, and worked with Matthias Gunther (DKFZ, Heidelberg), to assess 

the distribution of variant allele frequencies (VAF) to infer clonal selection, as 

performed in Korber et al., 2025 (Figure 1.6a). This method involves plotting the 

inverse VAF against the cumulative number of single nucleotide variants (SNVs) at 

that frequency. When haematopoiesis occurs without clonal emergence, a distinct 
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upward curve shape forms, with low frequency variants having accumulated more 

mutations as they emerge later in life. When clonality is observed, a distinctive 

shoulder forms at a higher VAF, where this variant is enriched in the downstream 

population. The height of the shoulder is indicative of the timing of clonal emergence, 

as younger clones will not have accumulated as many mutations, and older clones will 

have more. In Aldh2-/-Adh5-/- mice, distinctive shoulders are observed at high VAF, 

with a low height (Figure 1.6b). This is significant as it tells us that metabolic 

formaldehyde can induce clonal haematopoiesis in mice and that this emerges early 

in life.  

 

However, using the Aldh2-/-Adh5-/- mouse a model of haematopoietic ageing is 

compromised by the severe peri-natal lethality and multi-morbid effects observed in 

these mice. Furthermore, it is not clear if the progressive formaldehyde burden 

experienced in life is able to shape the clonal architecture, or if the clonality observed 

is a unique feature of intense selection that occurs in mice during the weaning window. 

Therefore, to understand if chronic formaldehyde is a driver of haematopoietic ageing 

and clonal haematopoiesis, which may carry significance to the 540 million individuals 

carrying the ALDH2*2 variant allele, we need a less extreme model of tier-1 deficiency. 
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Figure 1.6 Inference of clonality in Aldh2-/-Adh5-/- mice by WGS of granulocytes 
(a) Schematic illustrating the accumulation of variants in a granulocyte population and 
their spread in populations, and how these shape the VAF/SNV curve. Low frequency 
variant alleles expanding through drift will gradually increase in frequency over time, 
reflected in an upwards inflected curve. Clonal expansions will be detected by more 
SNVs detected at that VAF, with the height reflecting the age of driver acquisition 
(Korber et al., 2025). (b) Cumulative number of SNVs and their frequency as detected 
by bulk (90x) WGS of bone marrow granulocytes from Aldh2-/-Adh5-/- and WT and 
Adh5-/- mice at their indicated ages. Graph is repeated (right) with a different 
cumulative # of SNV scale to emphasise the presence of shoulders at high VAF in 
Aldh2-/-Adh5-/- mice. 
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1.4 Thesis aims 
 

Mammalian evolution of two independent routes of clearing aldehyde mediated 

damage, and the potentially devastating consequences of their ablation, highlights 

how protection against aldehydes can be a driving force of natural selection. However, 

mechanistic insights into how metabolically produced formaldehyde drives features of 

ageing, and a plausible explanation for the surprising prevalence of the ALDH2*2 East 

Asia, is lacking. Furthermore, given the number of alternative routes through which 

formaldehyde can be produced and responded to, we have little understanding of the 

relative importance in these pathways in contributing to the formaldehyde load or 

protection.  

 

Therefore, my thesis has three aims: 

 

1. How do cells recognise and respond to formaldehyde? (Chapter 3) I 

sought to develop a reporter cell line based on the expression of GDF-15 

(responsive to formaldehyde and integrating multiple cellular stress response 

pathways) that can be developed for use in a CRISPR-Cas9 screen for genes 

involved in defence against and sensing of formaldehyde. 

2. Does ALDH2 deficiency confer a selective advantage? (Chapter 4) I 

explore the hypothesis of enhanced immune protection mediated by ALDH2 

deletion using an immune challenge study in Aldh2-/- mice. 

3. Does blood formaldehyde clearance protect against ageing of the blood 

and peripheral tissues? (Chapter 5) I functionally characterise a blood-
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specific version of the Aldh2-/-Adh5-/- model, increasing the formaldehyde load 

in the blood but circumventing the extreme multimorbid effects observed in the 

constitutive, enabling the study of formaldehyde induced ageing in 

haematopoiesis, and the significance of this on peripheral tissues. 
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Chapter 2 
 
 
Materials and Methods 
 

2.1 Mouse Strains 
 

2.1.1 ALDH2 Strains (Chapter 4) 
 

ALDH2-deficient mice were generated from embryonic stem cells from EUCOMM 

(Aldh2tm1a(EUCOMM)Wtsi; MGI ID: 4431566, C57BL/6N; hereafter Aldh2-) as previously 

described (Langevin et al., 2011; Skarnes et al., 2011). Heterozygous Aldh2+/- mice 

were crossed with Aldh2+/- or Aldh2-/- mice to produce the experimental Aldh2-/- strain. 

Aldh2+/- mice do not show haploinsufficiency, hence are grouped with Aldh2+/+. 

Aldh2tm1c(EUCOMM)Wtsi (hereafter Aldh2c) mice were generated from crossing 

Aldh2tm1a(EUCOMM)Wtsi with mice expressing constitutive FLP recombinase, inducing 

germline removal of FRT-lacZ-loxP-Neo-FRT cassette and restoring the functional 

allele, now flanked by LoxP that can be deleted upon recombination with Cre. Mice 

were outbred to remove the FLP allele. Generation detailed in Skarnes et al., 2011. 

Aldh2tm1d(EUCOMM)Wtsi mice (hereafter Aldh2-) were produced from breeding Aldh2c 

mice, with mice constitutively expressing Cre-recombinase, facilitating germline 

deletion of removing exon 4 (critical exon). The Aldh2- allele was then maintained by 

interbreeding, and the Cre-recombinase was removed in this process. 
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2.1.2 Adh5-/- Strains 
 

Adh5tm1Stam (MGI 3033711, C57BL/6N; hereafter Adh5-) mice, previously described 

(Liu et al., 2004), were gifted from Dr L. Liu at UCSF and maintained through 

inbreeding with periodic backcrossing. 

 

2.1.3 Aldh2c/-Adh5-/-Vav1iCre+ Strain (Chapter 5) 
 

Aldh2c and Aldh2- alleles were crossed with Adh5tm1Stam (described above) carrying 

mice and maintained through interbreeding. Vav1iCre+ (Commd10Tg(Vav1-icre)A2Kio; MGI 

ID: 2449949, C57BL/6N) was first bred into Aldh2-/-Adh5+/-, and the Vav1iCre+ allele was 

maintained in this colony through interbreeding, mice carrying both Vav1iCre+ and 

Aldh2c were never used for breeding. Aldh2c/-Adh5-/-Vav1iCre+ mice were generated by 

the following parental crosses: Father Aldh2c/cAdh5-/- x Mother Aldh2+/-Adh5+/-

Vav1iCre+; Father Aldh2c/cAdh5-/- x Mother Aldh2-/-Adh5+/- Vav1iCre+; Father 

Aldh2c/cAdh5-/- x Mother Aldh2+/-Adh5-/-Vav1iCre+; Father Aldh2c/+Adh5-/- x Mother 

Aldh2-/-Adh5+/-Vav1iCre+. Neither ALDH2, nor ADH5 present haploinsufficiency in mice, 

including in combination (N.Oberbeck’s Thesis, Cambridge; Dingler et al., 2020), 

therefore the following genotypes are experimentally grouped: WT = Aldh2+/-Adh5+/-

Vav1iCre+, Aldh2+/-Adh5+/-, Aldh2c/-Adh5+/-, Aldh2c/cAdh5+/-; Adh5-/- = Aldh2+/-Adh5-/-

Vav1iCre+, Aldh2+/-Adh5-/-, Aldh2c/cAdh5-/-, Aldh2c/+Adh5-/-, Aldh2c/+Adh5-/-Vav1iCre+. 

 

2.1.4 Mouse husbandry 
 

Animal experiments were performed under the approval of the MRC Weatherall 

Institute of Molecular Medicine animal welfare and ethical review body, and the UK 
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Home Office under the Animal (Scientific Procedures) Act 1867, under Project 

Licenses PFC007716E (expired 20th September 2023) and PP2564045 (post 20th 

September 2023). Mice were housed at 19-23 °C in individually ventilated cages with 

environmental enrichment, a light-dark cycle between 7:00 am – 7:00 pm and with 

SAFE® A03 diet provided ad libetum. 

 

2.4.7 Timed Matings 
 

Aldh2+/-Adh5-/- x Aldh2-/-Adh5+/- and Aldh2+/-Adh5-/- x Aldh2+/-Adh5+/- crosses were set 

up by pooling males and females into the same cage overnight. Mice were separated 

the following morning, at which point females were weighed and checked for vaginal 

plugs. This time point was defined as E0.5. Embryo stage was defined by days post 

conception.  

 

2.1.5 Mouse genotyping 
 

Genotyping of mice strains was performed by Transnetyx (Cordova, TN) using ear-

biopsies performed at 2-3 weeks of age, performing genotyping by real-time PCR with 

specific probes designed against the genes of interest.  

 

Embryos were genotyped using DNA extracted from the tip of the foetal tail. DNA 

extraction was performed using Thermo Scientific Phire Tissue Direct PCR Master Mix 

#F-170S Kit, following the Dilution and Storage Protocol (DNA was stored at -20 °C 

until further use). The PCR was performed using this kit with the following 

thermocycling parameters after an initial denaturation at 98 °C for 5 mins: 
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Denaturation 98 °C for 5 s, annealing at 60.1 °C for 5 s, extension at 72 °C for 5 s. 

This cycle was performed 40 times, with a final extension at 72 °C for 1 min. Samples 

were stored at 4 °C until run on a 1% agarose/TBE gel for 30 mins at 95 V. 

 

Genotyping of ALDH2 exon 4 in peripheral blood and ex vivo cultures was performed 

using KOD polymerase (Sigma-Aldrich, 71086-3) in a mutli-plex PCR reaction. The 

PCR reaction mix was made up as follows (for 1x25 µl reaction): 2.5 µl KOD 10X 

master mix, 1.5 µg MgSO4, 2.5 µl dNTPs, 0.75 µl primer mix (at 10 µM); 0.5 µl KOD 

polymerase; 1 µl gDNA template; 16.25 µl H2O. The PCR was performed with the 

following thermocycling parameters after an initial denaturation at 95 °C for 2 mins: 

Denaturation 95 °C for 20 s, annealing 62 °C for 10 s, extension at 70 °C for 10 s. This 

cycle was performed 35 times, with a final extension at 70 °C for 2 min. Samples were 

stored at 4 °C until run on a 1% agarose/TBE gel for 30 mins at 95 V. 

 

2.1.6 ALDH2 western blot  
 

10-20 mg frozen tissue was homogenized in 400µl RIPA buffer (1X TBS 1% v/v 

IPGEPAL-CO-630, 0.1% v/v Sodium Deoxycholate, 0.1% v/v SDS, 5 mM MgCl2) 

supplemented with Benzonase (1:1000, Millipore) and Protease/Phosphatase 

Inhibitor (1x ThermoScientific™, A32965), adding 2x7 mm metal balls to the tube and 

shaking in a tissue lyzer at 30 Hz for 4 minutes at 4 °C. Solution was incubated on ice 

for 30 minutes, before the solution was cleared by centrifuging at 21,300 x g for 25 

minutes at 4 °C, collecting the supernatant. Protein concentration was determined 

using a Pierce™ BCA Protein Assay Kit (ThermoFisher, 23225) to manufacturer’s 

instructions, protein standards between 0-20µg/ml were used, and absorbance at 562 
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nm was measured on a CLARIOstar plus microplate reader. Samples were diluted to 

achieve a final concentration of 1.5 µg/µl, and made up to 20 µl, and 5µl Invitrogen™ 

NuPAGE™ LDS Sample Buffer (Invitrogen™, NP0007) with added β-

mercaptoethanol. Samples were reduced for 5 minutes at 85 °C, then spun down and 

20µl was loaded onto Bolt™ 4-12% Bis-Tris Plus Gels in 1x NuPAGE™ MOPS SDS 

Running Buffer (Invitrogen,NP0001), and run at 140V for 60 minutes. Samples were 

then immediately transferred onto a 0.45 µm PVDD Transfer Membrane 

(ThermoFisher, 88518) for 4 hours at 35 V at 4 °C. Membranes were washed in TBS, 

and blocked for 1 hour with 5% milk powder in TBS with 0.05% Tween-20 (TBST) 

(Sigma-Alderich, P1379). Membranes were then stained at with rabbit anti-ALDH2 

antibody (developed in-house by Nina Oberbeck) at 1:2000 and mouse anti-vinculin 

(Millipore, 05-386) at 1:10,000. Staining was performed overnight at 4 °C on a rolling 

platform. Membranes were then washed and stained with secondary antibodies – 

1:10,000 goat-anti-Mouse IRDYE® 680RD (LICORbio™, 926-68070), 1:10,000 anti-

Rabbit IRDYE® 800CW (LICORbio™, 926-32211), for 2 hours at room temperature 

in the dark. Membranes were then washed in TBS, and blots were visualised on a 

ChemiDoc™ imaging system (Bio-Rad). 

 

2.2 In vitro  
 

2.2.1 Cell-Line Culture 
 

Cell lines were maintained in Dulbecco’s modified Eagle’s medium with 10 % Foetal 

Bovine Serum (FBS) (v/v), 2 mM GlutaMAX™ and 50 µM β-mercaptoethanol. 32D 

cells were maintained in Roswell Park Memorial Institute (RPMI) 1640 Medium 
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supplemented with 10 % FBS, 2 mM GlutaMAX™ and 50 µM β-mercaptoethanol. β-

mercaptoethanol was removed from media when cells were treated for cytotoxicity. 

 

2.2.2 Formaldehyde Cytotoxicity Assay 
 

Cell lines were seeded in a 96 well plate in 100 µl media, at 15,000 cells/cm2. 

Formaldehyde was diluted in culture media to 3x test concentration, and 50 µl of this 

was added to each well, making the final volume 150 µl at 1x concentration 

formaldehyde. Quintuplicates were used for each concentration indicated. Cells were 

then cultured in a humidified CO2 incubator at 37 °C for 24 h. Viability was determined 

by measuring reduction of resazurin to resorufin using a CellTiter-Blue® (CTB) Cell 

Viability Assay (Promega). CTB was applied to each well at a final concentration of 

1:20 and incubated until saturation was apparent (1-4 hours). Fluorescence was then 

measured at 579 nm excitation and 584 nm emission using a CLARIOstar Plus Plate 

Reader. Wells containing no cells were used as a baseline for fluorescence. 

 

2.2.3 Cell Line GDF-15 Expression 
 

Cell lines were seeded in a 6 well plate in 2ml culture media, at ~15 000 cells/cm2. 

Formaldehyde and cisplatin were prepared at 3x final concentration, and 1 ml was 

added to each well. Cells were cultured for 24 h, after which the supernatant was 

removed, and cells were lysed directly in 350 µl guanidinium thiocyanate lysis buffer 

(RLT, Qiagen). 
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2.2.4 mRNA extraction and RT-qPCR for GDF-15 expression 
 

Total RNA was extracted from cell lines and mouse tissues using QIAGEN RNeasy 

mini prep kit (QIAGEN), according to the manufacturer protocol. RNA was extracted 

in 30 µl elution buffer. RT-qPCR was performed using the NEB Luna® Universal Probe 

One-Step qPCR kit, containing HotStart Taq polymerase. 5’ nuclease probes and 

primers for quantification of mRNA levels were purchased from IDT (PrimeTime™ RT-

qPCR sequences and probe dyes are described in Table 1). 

 

2.2.5 GDF-15-mNG transcriptional reporter integration 
 

A GDF-15-mNG donor plasmid was cotransfected with a pX458(mRuby)-

gRNA_GDF1-5 plasmid (both designed by Philip Hublitz of WIMM Genome 

Engineering Service) containing a gRNA targeting exon 2 of the GDF-15 locus (guide 

sequence: CCACTGCATATGAGCAGTCCTGG) into cell lines as described above. 

The efficiency of indel induction was determined by deconvolution of Sanger 

sequencing traces using TIDE (Brinkman et al., 2014). The GDF-15-mNG donor 

plasmid was linearised overnight prior to transfection with the restriction enzyme PsiI-

v2 (NEB, R0744S) in NEB CutSmart Buffer and the remaining digested vector was 

purified with the Zymo Clean and Concentrator kit (Zymo Research, D4014). Cells 

were transfected with pX458(mRuby)- gRNA_GDF-15 and GDF-15-mNG donor 

plasmids were via electroporation with the Neon Transfection system (ThermoFischer 

Scientific). This was performed in a 10 µl reaction with 5x105 cells, 1 µg of each 

plasmid, with 2 pulses at 1150 V, 40 ms duration (HepG2); 2 pulses at 1000V, 35ms 

(HeLa). Cells were then seeded into a 6 well plate. Control cells were prepared in the 

same way but not electroporated. 72 hours after transfection, cells were single cell 
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sorted into 96 well plates based on expression of mRuby and mNeonGreen, performed 

on a BD FACSARIA™ Fusion. Positively integrated clones were verified via PCR, 

using primers located outside of the homology arm and within the mNG sequence. 

Reporter activity was also verified by flow cytometry of clones, separated by replica 

plating and treated with cisplatin for 24h. Pharmacological enhancement of integration 

by homologous recombination was performed with SCR7 (inhibiting DNA ligase IV), 

NU7441 (inhibiting DNA-PK), Alt-R HDR enhancer v2 (IDT), treatment regimens of 

these drugs are quoted in the text.  

 

2.2.6 GDF-15 exogenous reporter plasmid production 
 

An empty pCMV6 vector was generated from an existing pCMV6-MT1 (Origene, 

NM_013602) vector by excision of the CMV6 promoter and MT1 locus by restriction 

enzymes BsrGI-HF (NEB, R3575S) and SacII (NEB, R0157S) to manufacturer’s 

instructions. The cleaved vector was isolated using gel electrophoresis and QIAquick 

PCR & Gel Cleeanup Kit (Qiagen, 28506). The human GDF-15 promoter locus was 

cloned from HEK293 gDNA, and mNeonGreen sequence was cloned from the Donor 

template plasmid, by PCR. Primers were designed to produce sticky ends that could 

be used to ligate the vector and template DNA fragments together, also extended to 

introduce nuclear localisation and Gly-Ser linker sequences, where relevant. Gibson 

assembly of fragments was performed using NEBuilder® Hifi DNA Assembly Master 

Mix (NEB, E2621S) to manufacturer instructions. Plasmids were transfected into 

Escherichia coli in the presence of Kanamycin. Bacterial colonies with successful 

integration were verified by PCR and these colonies were expanded. Plasmids were 

purified using Qiagen Plasmid Plus Midi Kit (Qiagen, 12943), and the sequence of the 
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final plasmid was verified by NanoPore sequencing (Plasmidsaurus, Louisville, 

Kentucky). Plasmids were linearised with PsiI-v2 before electroporation (as above). 

Stable clones were selected by supplementation of growth media with 750 µg/ml G418 

(Sigma-Aldrich, A1720) for 1-2 weeks. Surviving clones were assessed for mNG 

reporter activity by flow cytometry and RT-qPCR. 

 

2.3 Ex vivo 
 

2.3.1 HSC extraction from adult bone marrow 
 

HSCs were extracted from femur, tubia, pelvis and spine of adult mice, using a 

protocol adapted from Wilkinson et al. (2020). Bones were crushed using a pestle and 

mortar and washed with cold PBS. Bone marrow was filtered through a 70 µm filter 

and made up to 50 ml with cold PBS. Cell number was then quantified with using 

Solution 13 (Chemometec, cat. no. 910-3013), at a 1:20 concentration, before 

measuring on a NucleoCounter NC-3000 (ChemoMetec, cat. no. 991-3001). 5-10 

million cells were collected from these for single colour controls. Bone marrow cells 

were also taken at this stage for quantification/other experiments. Remaining cells 

were pelleted and resuspended in 350µl PBS, after which cKit+ cells were stained with 

anti-cKit APC conjugated antibody (0.2 mg/ml, BioLegend 105812), at 0.2 µl per 1x107, 

for 15 minutes at room temperature. Cells were then washed and resuspended in 

350µl cold PBS with anti-APC microbeads (Miltenyi, cat. no. 130-090-855) at a 

concentration of 0.2 µl stock per 1x107, for 15 minutes at 4 °C. Cells were then washed 

are resuspended in 10 ml PBS. cKit enrichment was performed using a MACS LS 

column (Miltenyi, cat. no. 130-042-401), attached to a MidiMACS separator magnet, 



 Roles for endogenous aldehydes in haematopoietic ageing and immunity   

 Oliver Beaven - 2025  54 

pre-washed with 3 ml PBS. The cell suspension was passed onto the column through 

a 50 µm cell strainer. The number of cKit enriched cells was quantified as before and 

washed. cKit+ cells were either directly used for culture at density of 100,000 cells per 

well in a 96 well Corning™ CellBind tissue culture plate (5 wells per mouse) or used 

for sorting. Cells being sorted were incubated with the biotin-conjugated antibodies of 

the Ex vivo LT-HSC sorting panel (Table 1) at 300 µl master mix per 1x107 in the dark 

for 15 minutes at room temperature. Cells were then washed and resuspended in the 

remaining antibodies for 45 minutes in the dark at room temperature. Cells were then 

washed and transferred to FACS tubes in 500 µl PBS with propidium iodide at 1:1000 

and sorted immediately. LT-HSCs were sorted on BD FACSARIA Fusion sorter into a 

96 well Corning™ CellBind tissue culture plate containing 200 µl PVA-HSC culture 

media (below).   

 

Table 1 Ex vivo LT-HSC sorting Panel 

Antigen Conjugate Supplier Code Dilution 

Ly6G/Ly6C (Gr-1) Biotin BioLegend 108403 1:1000 

Ter119 Biotin BioLegend 116203 1:1000 

CD4 Biotin BioLegend 100507 1:1000 

CD8a Biotin BioLegend 100703 1:1000 

CD45R/CD220 Biotin BioLegend 103203 1:1000 

CD127 (IL-7Ra) Biotin BioLegend 135005 1:1000 

CD34 FITC ThermoFisher 11-0341-82 1:100 

cKit APC/Cy7 BioLegend 105812 1:400 

Sca1 PE BioLegend 108108 1:400 
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Lineage Markers APC/Cy7 BioLegend 405208 1:400 

CD150 PE/Cy7 BioLegend 115914 1:400 

CD48 BV421 BioLegend 115914 1:400 

 

2.3.2 HSC extraction from foetal liver and foetal bone marrow 
 

The foetal liver (E16.5 and E18.5) and limb bones (E18.5) were collected from 

foetuses and stored in a boju jar containing cold PBS. Tissues were homogenised and 

collected into a 50ml tube using the wide edge of a 1 ml syringe plunger over a 70µm 

filter, washed through to a final volume of 10ml with cold PBS. The cell count was 

recorded using solution 13 (described above). Foetal bone marrow cells were stained 

with foetal stem and progenitor staining panel (Table 2) and sorted 25 cells/well based 

on LKS+. Homogenised foetal liver cells were seeded at a density of 2x105 cells per 

well in a 96 well Cell-bind plate. Foetal cultures were grown in 200µl PVA-HSC culture 

medium and cultures were maintained the same as adults (below). 

 

Table 2 Foetal stem and progenitor staining panel 

Antibody Conjugate Supplier Cat Number Dilution 

CD3e FITC eBioscience 35-0031-U500 1:100 

CD4 FITC BD 130308 1:100 

CD8a FITC BD 553031 1:100 

CD11c FITC eBioscience 11-0114-85 1:100 

CD45R/B220 FITC BD 553088 1:100 

Gr-1 FITC eBioscience 553127 1:100 

Ter119 FITC BD 116206 1:100 
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cKit APC eF780 eBioscience 47-1171-82 1:1600 

Sca1 PE-Cy7 eBioscience 25-5981-82 1:200 

CD150 BV785 BioLegend 115937 1:200 

CD41 BV421 BioLegend 133911 1:200 

CD48 BV421 BioLegend 103427 1:200 

 

2.3.2 Ex vivo PVA-HSC culture 
 

HSCs were cultured ex vivo using culture conditions described in Wilkinson et al., 

2020. The complete media contained: Ham’s F-12 Nutrient Mix (Gibco), HEPES (final 

concentration is 10 mM, Gibco), Penicillin-streptomycin-glutamine (final concentration 

is 1X, Gibco), Insulin-transferrin-selenium-ethanolamine (final concentration is 1X, 

Gibco), Recombinant animal-free murine thrombopoietin (TPO, final concentration is 

100 ng/ml, Preprotech), Recombinant animal free murine stem cell factor (SCF, final 

concentration is 10 ng/ml, Preprotech), Polyvinyl alcohol (PVA, 87-90% hydrolysed, 

used at 1 mg/ml). Cells maintained in 96-well plates were cultured in 200µl media, with 

the first media change performed after 7 days, then every 2-3 days. 

 

2.3.3 Ex vivo proliferation analysis 
 

Proliferation of foetal liver and adult HSC cultures was performed by flow cytometry 

as described in Wilkinson et al., 2020. 50µl (except for the day 7 measurement, in 

which the full well is taken) culture was collected from each well and transferred to a 

staining plate, mixed with the biotinylated Lineage antibodies from Ex vivo 

haematopoietic stem and progenitor staining panel (Table 3), and incubated at room 
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temperature for 15 minutes. After this, 2.5µl of cells from each well are separated and 

combined to provide the control samples. Cells are washed with 200µl PBS and 

resuspended in 50µl fresh antibody cocktail from the remainder of the panel. For 

unstained controls, only PBS was added, or FMOs, an incomplete antibody cocktail 

was used. Staining was performed for 15 minutes at room temperature in the dark. 

After this, the cells are washed in 200µl PBS and resuspended in 100µl PBS 

containing propidium iodide at 1:1000 concentration. Cells were then analysed on LSR 

Fortessa X20 using HTS. 

 

Table 3 Ex vivo Haematopoietic stem and progenitor proliferation panel. 

Panel A original panel, Panel B is alternative panel not using APC (see Chapter 5), Panel C is used to assess 

competitive proliferation 

Antigen Conjugate Supplier Code Dilution Panel 

Ly6G/Ly6C Biotin BioLegend 108403 1:1000 Panel A/B/C 

Ter119 Biotin BioLegend 116203 1:1000 Panel A/B/C 

CD4 Biotin BioLegend 100507 1:1000 Panel A/B/C 

CD8a Biotin BioLegend 100703 1:1000 Panel A/B/C 

CD45R/CD220 Biotin BioLegend 103203 1:1000 Panel A/B/C 

CD127 Biotin BioLegend 135005 1:1000 Panel A/B/C 

CD201 APC 

PE 

ThermoFisher 

Invitrogen 

17-2012-82 

12-2012-82 

1:400 

1:200 

Panel A/C 

Panel B 

cKit BV421 

BV785 

BioLegend 

BioLegend 

105828 

105841 

1:400 

1:200 

Panel A/C 

Panel B 

Sca1 PE 

FITC 

BioLegend 

BioLegend 

108108 

108106 

1:400 

1:400 

Panel A/C 

Panel B 

Biotin APC/Cy7-Streptavidin BioLegend 405208 1:400 Panel A/B/C 

CD150 PE/Cy7-CD150 BioLegend 115914 1:400 Panel A/B/C 
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CD45.1 BUV395 BD 565212 1:200 Panel C 

CD45.2 eFluor450 ThermoFisher 48-0454-82 1:200 Panel C 

 

 

2.4 Flow Cytometry 
 

2.4.1 Haematopoietic immunophenotyping  
 

Haematopoietic tissues were harvested as performed above (spleen and thymus were 

also crushed into single cell suspensions as performed with foetal livers). Peripheral 

blood was acquired by exsanguination and 100µl was collected into an K3EDTA 

MiniCollect tubes (Greiner Bio-One, 15748169). Before centrifugation, cell counts 

were performed using solution 13 at a 1:20 dilution. With the exception of peripheral 

blood where the entire volume was used, up to 1x107 cells were used for staining. 

Haemolysis was performed for 10 minutes at 4 °C on bone marrow, spleen and 

peripheral blood samples using 10ml haemolytic buffer (155 mM NH4Cl, 10 mM 

KHCO3, 0.1 mM EDTA). Cells were washed and resuspended in associated pre-mixed 

staining buffers in FACS Buffer (1% BSA in PBS) at 100µl/1x107 cells. 

 

HSC and progenitor staining was performed on bone marrow cells using 

haematopoietic stem and progenitor panel (Table 4). CD16/32 was added at in half of 

the staining volume for 15 minutes at 4 °C, before the remaining cocktail was added 

and cells were stained for 45 minutes at 4 °C in the dark. Cells were washed in 3ml 

FACS Buffer and the pellet was resuspended in Step-BV421(1:100 in PBS/BSA) and 

stained for a further 15 minutes in the dark at 4 °C. Cells were washed with a further 
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3ml FACS Buffer, and the pellet was resuspended in 400µl FACS Buffer on ice and 

immediately proceeded to analysis by flow cytometry. The maturation and mature 

lineage staining panel (Table 5) was applied to the bone marrow and spleen followed 

the same protocol as above, but the staining cocktail was applied in full and samples 

were resuspended in a final volume of 200µl FACS Buffer. The maturation and mature 

lineage panel was applied to the spleen and peripheral blood suspensions in the same 

manner as the lineage maturation panel. The thymic development panel (Table 6) was 

performed with a 15-minute incubation of the main antibody panel and resuspended 

in 300µl FACS Buffer. Foetal haematopoietic tissues were analysed with the foetal 

haematopoietic stem and progenitor staining panel (Table 3) and stained in 50µl 

cocktail per 1x107 cells for 45 minutes, before resuspension in 400µl PBS. Immediately 

before samples were analysed by flow cytometry, 0.5 mg/ml 7-AAD was added to the 

cell suspension and the cells were passed through a 70µm cell strainer.  
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Table 4 Haematopoietic Stem and Progenitor Staining Panel 

Antigen Conjugate Supplier Code Dilution 

CD3e FITC eBioscience 35-0031-U500 1:440 

CD4 FITC BD 130308 1:440 

CD8a FITC BD 553031 1:440 

CD11b FITC BD 553310 1:440 

CD11c FITC BD 11-0114-85 1:440 

B220/CD45R FITC BD 553088 1:440 

FceR1a FITC eBioscience 11-5898-85 1:440 

Gr-1 (Ly-6G) FITC eBioscience 553127 1:440 

Ter119 FITC BD 116206 1:440 

CD41 FITC BD 553848 1:100 

CD48 Biotin/Strep-BV421 BioLegend 103410 / 405225 1:100 

CD127 (IL7Ra) BV605 BD 135025 1:200 

CD150 BV786 Biolegend 115937 1:200 

CD135 (Flt3) PE eBioscience 12-1351-82 1:200 

Sca1 PECy7 eBioscience 25-5981-82 1:200 

CD16/32 (FcgRII/III) APC eBioscience 17-0161-82 1:100 

CD34 AF700 eBioscience 56-0341-82 1:10 

CD117 (cKit) APCeF780 eBioscience 47-1171-82 1:1600 
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Table 5 Maturation and Mature Lineages Staining Panel 

Antibody Conjugate Supplier Code Dilution 

CD4 BV421 BD 740024 1:200 

CD3e BV605 BD 563004 1:200 

Mac/CD11b BV711 BD 563168 1:200 

CD8a BV785 BD 563332 1:200 

Gr1/Ly-6G FITC eBioscience 553127 1:200 

CD71 PE eBioscience 12-0711-82 1:200 

Ter119 PE-Cy7 BD 557853 1:200 

B220/CD45R APC BD 553092 1:200 

IgM APCef780 eBioscience 47-5790-82 1:200 

 

Table 6 Thymic Development Staining Panel 

Antibody Conjugate Supplier Cat Number Dilution 

CD4 BV421 BD 740024 1:200 

CD44 BV605 BD 563058 1:200 

B220/CD45R FITC BD 553088 1:200 

CD11b FITC BD 553310 1:200 

CD3e FITC eBioscience 35-0031-U500 1:200 

Gr-1 (Ly-6G) FITC eBioscience 553127 1:200 

Ter119 FITC BD 116206 1:200 

CD25 PE-Cy7 eBioscience 25-0251-82 1:200 

CD8 APC BD 553035 1:200 

CD45 AF700 BD 560510 1:200 
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2.4.2 Micronucleus assay 
 

20µl blood was collected from mice via tail vein sampling, or exsanguination, and 

added to 110µl Heparin (500 USP/ml in PBS, Sigma H9399) on ice (all subsequent 

steps are performed at 4 °C unless otherwise stated). 120µl of blood suspension was 

added to 1.35ml methanol at -70 °C, and samples were fixed at -70 °C for a minimum 

of 12 hours before analysis. 500µl fixed blood was washed with 3ml bicarbonate buffer 

(0.9% NaCl, 5.3 mM NaHCO3). Samples were washed and resuspended in 75µl 

bicarbonate buffer. For each sample, 20µl was mixed with 80µl staining mix (staining 

mix composed of 72µl bicarbonate buffer, 1µl FITC-CD71 (ThermoFisher, 

R17217.1.4), 7µl RNase (Sigma, R4642)) and stained in the dark for 45 minutes. The 

samples were washed with 700µl bicarbonate buffer and resuspended in 250µl 

bicarbonate buffer. Propidium Iodide (Sigma P4864) was added to each sample to a 

final concentration of 5µg/ml, 10 minutes before analysis on BD Fortessa X20 with 

HTS.  

 

2.4.3 Nuclear ploidy analysis 
 

0.25g liver was homogenised through a 40µm cell strainer into a 50 ml falcon using 

cold LA buffer (250mM sucrose, 5mM MgCl2, 10mM Tris-HCl pH 7.4). Samples were 

centrifuged for 10 minutes at 600 x g, 4 °C. The supernatant was discarded and pellet 

fully resuspended in 7ml cold LA buffer and spun again. The supernatant was 

discarded and fully resuspended in 9 volumes cold LB buffer (2M sucrose, 1mM 

MgCl2, 10mM Tris-HSC pH 7.4). Cells were the centrifuged at 16,000 x g for 30 

minutes at 4 °C, forming two distinct layers, corresponding to cell debris (upper) and 

nuclei (lower). The upper layer was removed, and nuclei were fully resuspended in 
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500µl LA buffer, then transferred to a 15ml falcon tube. Cells were fixed in 5ml 70% 

ethanol (v/v in water), applied in dropwise manner, and stored at -20 °C until analysed. 

Fixed nuclei were spun for 5 minutes at 300 x g, supernatant discarded, and nuclei 

resuspended in 1ml PBS. Nuclei were quantified using solution 13 on NucleoCounter 

(Chemometec), and nuclear concentrations were equalised for each sample. 

Propidium iodide was added to final concentration of 40µg/ml, and RNase A was 

added to a final concentration of 100µg/ml. Nuclei were then incubated for 20 minutes 

on ice in the dark and analysed by flow cytometry on Attune NxT Flow Cytometer 

(ThermoScientific).  

 

2.5 Sister Chromatid Exchange Assay 
 
 

25mg BrdU slow-release pellet (Innovative Research of America) was surgically 

implanted subcutaneously into 8-10 week-old mice. After 24h, mice were given 100µl 

colchicine (0.5% w/v in water, Sigma) via intraperitoneal injection, and mice were 

sacrificed after 30 minutes by cervical dislocation. The femurs were harvested into ice-

cold PBS. Bone marrow cells were flushed from the femurs with cold PBS through a 

70-µm cell strainer and spun at 300 x g for 10 minutes at 4 °C. The cell pellets were 

resuspended in 10 ml pre-warmed hypotonic solution (75mM KCl) and incubated at 

37 °C in a water bath for 15 minutes. After incubation, 1ml fixative (3:1 methanol:acetic 

acid) was added dropwise to hypotonic suspension and the suspension was 

centrifuged for 10 minutes at 250 x g. Supernatant was removed leaving 50µl volume, 

and a further 3ml fixative was slowly added in a dropwise manner. Fixative was then 

added to a final volume of 10 ml and cells were incubated at room temperature for 30 
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minutes before being stored at -20 °C until further use. Before transfer to slides, cells 

were centrifuged at 300 x g for 5 minutes and the fixative was replaced. The samples 

were centrifuged again and resuspended in a small volume of fixative. Using a glass 

pipette, 1-2 drops of cells were place onto clean Superfrost slides (Avantor 631-0912), 

followed by 1-2 drops fixative and allowed to dry. Slides were washed in PBS for 5 

minutes at room temperature, then stained for 10 minutes with 5µg/ml Hoechst 33258 

(H3568, Molecular Probes) in PBS. Slides were rinsed in Sorensen’s buffer (67mM 

solution pH 7: 100ml H2O, 50ml 133mM KH2PO4, 50ml 133mM Na2HPO4), then placed 

horizontally and covered with 1cm fresh Sorensen’s buffer. Slides were irradiated 5cm 

away from 15 W 365nm UV light source at 50C for 20 mintues. The slides were 

removed and placed in 2xSSC buffer (0.3M NaCl, 30mM Na₃C₆H₅O₇, pH 7) at 60 °C 

for 1 hour. Slides were then rinsed in Gurr’s buffer and stained in 10% Giemsa in 

Gurr’s buffer for 10 minutes at room temperature. Slides were washed with water and 

once dry, mounted in Entellan mountant. Metaphase events were imaged by light 

microscopy on an Olympus BX51 at 40X magnification with oil-emersion, images were 

analysed using FIJI.  

 

2.6 Immunology methods 
 

2.6.1 Acetaldehyde modification of BSA and HEL 
 

44mg of Bovine Serum Albumin (BSA; Sigma-Aldrich, A7030) and Hen egg lysozyme 

(HEL; Roche, 10837059001). dissolved in 10ml PBS and filtered through a 22µm 

syringe filter. 5ml of this preparation was mixed with 500µl 550mM acetaldehyde (final 

concentration at 500µM), and the remaining 5ml HEL in PBS was mixed with 500µl 
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PBS (1X  Gibco™ 10010031). These were transferred to 1.5ml twist capped tubes 

and mixed in ThermoMixer (Eppendorf™ 5382000031) at 37 °C Celsius for 12-16 

hours. After which, the antigen preparations were transferred to -70 °C Celsius until 

further use. 

 

2.6.2 Antigen purification by size exclusion chromatography (SEC) 
 

Incubated antigens were thawed at room temperature, before being centrifuged at 

10,000 x g for 5 minutes. The supernatant from individual tubes was collected and 

pooled into a 5ml tube. Size exclusion chromatography (SEC) was performed on a 

Cytiva HiLoad 16/600 Superdex 75 pg size exclusion chromatography column (Cytiva, 

28989333), connected to an AKTA avant Chromatography System. The column was 

washed with 1.5 column volume (CV) PBS, before 2.5 ml modified antigen was loaded 

through the 5 ml manual injection tube. The fractions were eluted by passing 2 CV 

PBS through the column, collecting 1.8ml fractions of eluted antigen into a 2ml V-

bottom 96 deep well plate (Thermo Scientific™ 95040452) and stored at 4 °C. The 

column was then washed with a further 1 CV PBS and a deep cleaning procedure was 

performed according to the manufacturer’s instructions, before a fresh antigen was 

loaded.  

 

Identification of the monomeric fraction was performed by loading 10µl of each eluted 

fraction, mixed with 4X NuPAGE™ LDS Sample Buffer (ThermoFisher™ NP0007), 

onto a Bolt™ Bis-Tris Plus Mini Protein Gels, 4-12% (Invitrogen™ NW04127BOX). 

Fractions were assessed only from the posterior half and tail of the absorbance curve 

generated by the AKTA. The gel was the run for 1 hour at 140V, then stained with 
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Coomassae Blue. Fractions that contained a single band corresponding to the size of 

the monomeric antigen, were pooled together and sterile filtered using a syringe filter. 

The protein concentration was quantified using a NanoDrop™ One (ThermoFisher 

701-508112), and the protein was then made up to 500 µg/ml with sterile PBS. The 

concentrated protein was then diluted into 500 µl aliquots and stored at -70 °C until 

further use. 

 

2.6.3 Immunisations 
 

C57Bl6/c mice aged 8-12 weeks were immunised with 50µg of modified or unmodified 

monomeric HEL, BSA in 50µl PBS via subcutaneous (s.c.) injection. Mice received a 

booster immunisation of the same dose of antigen via s.c. injection on weeks 2, 4 and 

6. 25µg HA in 50µl PBS was administered by intramuscular (i.m.) injection on weeks 

0, 3, 6, 9 and 18. Addavax (InvivoGen, vac-adx-10) immunisations were performed in 

1:1 ratio Addavax:PBS, prepared fresh and used immediately prior to immunisation. 

Addavax was only used in priming reaction, with 50µg/50µl BSA or 25µg/50µl HA used 

for subsequent boosters of Addavax primed mice. Mice were exsanguinated on the 

final week of their protocol and serum was collected and stored at -70 °C. Serum was 

stored at -70 °C. 

 

2.6.4 ELISA 
 

ELISA was performed using 5µg/ml unmodified antigen absorbed into 384-well 

MaxiSorp Plates (ThermoScientific™ 464718) in 20µl freshly prepared coating buffer 

(8.4g NaHCO3, 9.6g Na2CO3, in 1L Mill-Q-H2O). Plates were sealed using a Polyolefin 
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seal (Starlab, E2796-9792) and spun at 2000 x g for 1 minutes, then incubated 

overnight at 4 °C. The following day, plates were equilibrated to room temperature, 

coating buffer was removed, and the plates are washed 3 times with freshly prepared 

wash buffer (1X PBS, 0.05% Tween-20 (Merck, P7949)) using a 50™ TS Microplate 

Washer (BioTek, 40-301). The plate washer was set with the default wash settings 

with some modifications: prime was performed before every round of washing, 

washing was performed with 30 seconds shaking, dispense step was performed at the 

start. The wells were blocked with 70 µl freshly prepared 1% BSA in PBS (HEL/HA) or 

2% Milk in PBS (BSA) and shaken at 1000 rpm for 1 hour. Blocking solution was then 

removed and 30µl serum samples was added. Serum samples were prepared first as 

a 1:40 dilution (5µl serum into 195µl blocking solution), followed by a 2.5-fold dilution, 

then 4-fold serial dilution series was performed, such that the final dilution was 

1:409,600. A standard curve was prepared for each plate using pooled serum from 

high responding mice, or a mouse monoclonal antibody diluted 1:1000 then in a 3-fold 

serial dilution (BSA) or 10-fold (HEL) series (HEL – N/A-CP150; BSA – Proteintech 

66201-1-1g).  Serum incubation was performed at room temperature for 1 hour while 

shaking. Serum was then removed, plates were washed 5 times, and IgG detection 

antibody (anti-mouse IgG-HRP conjugate) was applied at a concentration of 1:40 000 

blocking solution, shaking for 45 minutes at room temperature. Detection antibody was 

then removed, and the plate is washed 7 times. Signal was produced using 50µl per 

well TMB-ELISA, incubating in the dark for 30 minutes. The reaction was then stopped 

using 25µl per well 2M HCl. Signal was measured using a ClarioStar Plate reader, 

measuring absorbance at 450nm.  
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Absorbance readings were normalised against background signal, and a standard 

curve was generated from the positive control curve. Antibody titres at the highest 

dilution at which the absorbance was greater than or equal to the threshold set by the 

positive control (where the absorbance becomes exponential). 

 

2.7 Animal experiments and processing 
 

2.7.1 Methanol treatment 
 

Methanol treatment of mice was performed by intraperitoneal (IP) injection with 2 g/kg 

methanol for the time points indicated before mice were sacrificed by cervical 

dislocation and organs were dissected and stored at -70 °C. 

 

2.7.2 Blood Sampling 
 

Serial blood sampling from live mice was performed by tail vein blood sampling, 

collecting 10% blood volume (body weight (kg) x 58.5 (ml) x 0.1) at biweekly or monthly 

intervals. Blood was collected into K3EDTA MiniCollect tubes (Greiner Bio-one) for 

blood counting, or Microvette® 100 Serum CAT or 500 CAT-gel tubes (SARSTEDT) 

for serum collection. Serum was isolated by centrifugation at 10,000 x g for 5 minutes, 

and supernatant was stored at -70 °C. 

 

2.7.3 Serum biochemistry 
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All serum biochemical analysis was performed by Core Biochemical Assay Laboratory 

(CBAL) (Cambridge). Urea, creatinine, albumin, bilirubin, aspartate aminotransferase 

and alanine aminotransferase were performed using a Siemens Dimension EXL200 

analyser. GDF-15 was measured using DuoSet ELISA (R&D system), developed in-

house. 

 

2.8 N2-Me-dG quantification 
 

10-15mg tissue was homogenised for 4 minutes at 30 Hz (Qiagen/Retsch tissue lyser) 

in 700µl Qiagen Purgene Cell Lysis Solution (Qiagen, 158113) with 4µl Proteinase K 

(20mg/ml; Qiagen, 158146), then incubated at 37 °C for 30 minutes at 900rpm in a 

ThermoMixer. 4µl RNAse A (Qiagen, 19101) was added and incubated for a further 

60 minutes. Lysates were transferred to a tube containing 265µl cold Protein 

Precipitate Solution (Qiagen, 158126) and cooled on ice for 5 minutes. Samples were 

centrifuged at 21,300 x g for 5 minutes at 4 °C and the supernatant was transferred to 

a tube containing 600µl cold i-PrOH (Merck, 67-63-0). Samples were inverted and held 

on ice for 5 minutes, before centrifugation at 21,300 x g for 2 minutes. The supernatant 

was discarded, and tubes samples were placed open upside down for 5 minutes, 

allowing the remaining i-PrOH to evaporate. The pellet was resuspended in 600µl 70% 

ethanol (v/v in water) and centrifuged at 21,300 x g for 2 minutes. The supernatant 

was discarded, and remaining ethanol was evaporated as before. Samples were fully 

resuspended in 500µl NaCNBD3 (50mM, pH 5.2 in 200mM NaOAc) and incubated in 

a ThermoMixer at 37 °C for 48 hours at 900 rpm. 
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After incubation, 900µl i-PrOH was added to each sample and pelleted by centrifuged 

at 21,300 x g for 5 minutes. The supernatant was discarded, and tubes were allowed 

to dry fully, and pellets resuspended in 900µl 70% ethanol. Samples were centrifuged 

at 21,300 x g for 5 minutes, the supernatant removed and redissolved in 80µl ultra-

pure water overnight at room temperature. DNA concentration was quantified by 

nanodrop. 10µg DNA used for digest and made up to volume of 76µl with ultra-pure 

water, before pre-mixed digestion cocktail was added: 2 U shrimp alkaline 

phosphatase, 0.5µl (New England Biolabs), 3.8 U snake venom phosphodiesterase I, 

1µl (Sigma, P3243) and 10 U DNase I, 0.5µl (Roche), 10x Digestion Buffer, 10µl. 5µl 

15N-N2-MedG and 15N-dA internal standards were added to each digest. A standard 

curve was generated using 5µg genomic DNA extracted from WT 32D cells spiked 

with 15N-dA (dilution series: 272nmol-8.5nmol), 15N-N2-MedG (dilution series: 100 

fmol-0.24fmol) over 6 points, as well as a sample without added standard. Digestion 

was performed for a minimum 18 hours at 37 °C, before the samples were filtered 

through a 1000 MWCO Vivacon® 500 column (Sartorius, VN01H32) and centrifuged 

at 16,000 x g at 12 °C for 20 minutes. Flow through was transferred to mass 

spectrometry vials (Waters, 186000385c) and analysed on TSQ Altis™ Triple 

Quadrupole Mass Spectrometer with DIONEX UltiMate 3000 RS Autosampler. 

 

2.9 Granulocyte sorting and WGS 
 

~107 bone marrow cells were collected and haemolysed, before staining with 

Granulocyte Sorting Staining Panel (Table 7) in 1% BSA in PBS for 15 minutes in the 

dark at 4 °C. 0.5 mg/ml 7-AAD was added to identify viable cells and 2x105-1x106 

granulocytes were sorted into PBS on FACSAria Fusion (BD). Cells were pelleted and 
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the supernatant was removed; the cell pellet was sorted at -70 °C. Brain cortex from 

the same animal was dissected to be used as a germline reference. gDNA was 

prepared using Zymo Quick-DNA Miniprep kit (Zymo, D3024). Sequencing libraries 

were prepared by Novogene and sequenced on platform Illumina NovaSeq6000 by 

Novogene. WGS data processing and variant calling was performed by Matthias 

Gunther (DKFZ, Heidelberg), as previously described Korber et al. (2025). 

 

Table 7 Granulocyte Sorting Staining Panel 

Antigen Conjugate Supplier Code Dilution 

Gr1.Ly-6C FITC BD 553127 1:200 

B220/CD45R APC BD 553092 1:200 

CD3e BV605 BD 563004 1:200 

Ter119 PE-Cy7 BD 557853 1:200 
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2.10 List of Primers 
 

Table 8 List of primers used through study 

Mouse Genotyping 

ALDH2 

AAACTTTGCACACACTGTCCC 
CCCAGATCCAACTGTTAGGAATAC 
GCTTCACTGAGTCTCTGGCATCTC 
ACTGTCGAGCCTTTAGCCAG 

ADH5 
TCTCTTGATTCCCACTTTGTG 
AATGGACGAGTGGAGATTTC 
AGTCTGGAGTCACTCATTTTG 

GDF-15 endogenous promoter integration verification 

Primer Set 1 5' Integration 
CTGCACCTGCGTATCTCTCG 
ACCCGATATGAGGGACCAGA 

3' Integration 
CACCTACACCTTTGCCAAGCC 
GGCACTTGGTTGCAGATAGAC 

Primer Set 2 5' Integration 
GTTGGGCATGATGGCATGCACTTGTAGTC 
CGCTGCGGCGTCAGCTCAGC 

3' Integration 
GACTTCCTCTGCCCTCTCCGGATC 
GGACGAGCTGTACAAGGCTAGCTGAG 

GDF-15 Cas9 cutting verification primers 
AGGTCAGGGAGAGGAGGATC 
GCTTGGCGTGTTAGGGGAA 
GDF-15 cloning exogenous promoter 

Promoter 1 

GDF-
15 

TTGTATCTATATCATAATATGTACATTCCTCCGCCCTCTGGGTTCAA 
TCCGGAGCCACCGCCTCCTTGGAAACTTGCGCGGCTCGCC 

mNG AAGGAGGCGGTGGCTCCGGAGGCGGTGGCTCCGTCGACATGGTGAGCAAGGG 
TGTTCAGGAAACAGCTATGACCGCGGCTCAGCTAGCCTTGTACAGCTCGTCCATGC 

Promoter 2 

GDF-
15 

TAATATGTACATTTAGTCTAGAACTCTTGACGTCA 
CGCCCTTGCTCACCATGAGTTCTTGCCCGGGCATG 

mNG CCGGGCAAGAACTCATGGTGAGCAAGGGCGAGGAG 
AGCTATGACCGCGGCCTACACCTTGCGCTTCTTCTTGGGCTTGTACAGCTCGTCCAT 

No Promoter mNG TGTTCAGGAAACAGCTATGACCGCGGCTCAGCTAGCCTTGTACAGCTCGTCCATGC 
GTTGTATCTATATCATAATATGTACATTTGTCGACATGGTGAGCAAGG 

qPCR Primers 
Human GDF-
15(6FAM/Zen 
Iowa Black) 

GAAGATTCGAACACCGACCTC 
CCCGAGAGATACGCAGGT 
Probe CGGATCCCAGCCGCACTTCT 

Human TBP 
(5-SUN/Zen 
Iowa Black) 

GCTGTTTAACTTCGCTTCCG 
CAGCAACTTCCTCAATTCCTTG 
Probe TGATCTTTGCAGTGACCCAGCATCA 

Mouse GDF-
15(6FAM/Zen 
Iowa Black) 

ACTCGAACTCAGAACCAAGTC 
AGACCCTGACTCAGCGA 
Probe ACCCCAATCTCACCTCTGGACTGA 

Mouse TBP 
(5-SUN/Zen 
Iowa Black) 

TGTATCTACCGTGAATCTTGGC 
CCAGAACTGAAAATCAACGCAG 
Probe ACTTGACCTAAAGACCATTGCACTTCGT 

mNG 
(6-FAM/Zen 
Iowa Black) 

GGGTAAGTCTTCTTGCTCCTG 
GACTGTGAACTACCGCTACAC 
Probe ACGAGGGAAGCCACATCAAAGGAG 
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Chapter 3 
 
 
Reporting Formaldehyde Stress in 
Cell Lines 
 
 

 

3.1 Introduction 
 

Current understanding of biological protection against formaldehyde is limited to a 

small number of metabolic and DNA repair enzymes. Discovery of genes involved in 

detoxification and protection is made challenging due to the significant redundancy 

observed between them in vivo. RNAseq experiments of two-tier and tier-1 deficient 

mice highlight significant transcriptional changes in response to formaldehyde stress, 

emphasising a gene regulatory network that is sensitive to formaldehyde that we 

poorly understand (Dingler et al., 2020; Mulderrig et al., 2021). CRISPR/Cas9 knock-

out screens are a useful tool for rapidly identifying genes involved in these responses 

(Bock et al., 2022). However, traditional synthetic lethality screens are limited in their 

sensitivity to detect genes that induce subtle changes in gene regulatory networks. To 

get around this limitation, transcriptional reporters can be used to detect changes in 

expression of a gene of interest, in response to genetic perturbation (Bock et al., 

2022).  
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GDF-15 is an anorectic hormone induced in response to a broad range of stressors, 

including DNA damage, unfolded protein stress, nutrient deprivation, lipotoxicity, 

hypoxia, and is induced by common pharmaceuticals (e.g. NSAIDS and metformin) 

(Wang et al., 2021). These pleiotropic means of GDF-15 induction are facilitated by its 

complex promoter, mapped in Figure 3.1. Notably, both chronic and acute 

formaldehyde exposure can induce GDF-15 expression and secretion, as observed in 

Adh5-/-Csb-/- deficient mice, and in Adh5-/- mice treated with methanol (Mulderrig et al., 

2021). By integrating stress signals from across the cell, GDF-15 expression levels 

may serve as a transcriptional biomarker for the overall burden of formaldehyde-

induced stress. This property could therefore be exploited in reporter-based 

CRISPR/Cas9 screen, to identify genes involved in (1) formaldehyde detoxification 

and protection (increased GDF-15 on deletion) (2) formaldehyde production and 

stress signalling (decreased GDF-15 on deletion).  

 

Figure 3.1 Map of human GDF-15 locus 
Known GDF-15 promoter binding motifs indicated (SP1, NF-kB (Böttner et al., 1999), 
SP1, EGR1 (Baek et al., 2001, 2004), p53 (Osada et al., 2007), TFEB (Kim et al., 
2021), ATF4 (Miyake et al., 2021), HNF4A (Delaforest et al., 2019), CHOP (Osman et 
al., 2023). 
 

In this chapter, I look to identify a cell line that induces GDF-15 transcription upon 

formaldehyde treatment and attempted to develop a transcriptional reporter of GDF-

15 expression, by either targeting the endogenous locus, or using exogenous 

promoter constructs.  
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3.2 Results 
 

3.2.1 GDF-15 expression in cell lines 
 

To have a cell line that would act as a suitable candidate for a genome wide screen, 

it needed to express GDF-15, which is significantly elevated in response to 

formaldehyde, and be edited in culture with high efficiency. I sought to identify a 

suitable cell line by examining the basal, and formaldehyde induced, GDF-15 

expression by RT-qPCR using TATA-box binding protein (TBP) as a reference 

(Nygard et al., 2007). To serve as a positive control for DNA damage induced GDF-

15 expression, I also treated cell lines with cisplatin. These treatments were performed 

for 24h. This was initially performed on HepG2, HEK293, Jurkat, HK-2, 32D and RPE1 

cell lines, for which Adh5-/- cell lines had been generated in the lab, and have been 

gene edited with CRISPR-Cas9 (Malong et al., 2025; Olivieri et al., 2020; Shang et al., 

2018; Veach & Wilson, 2018). Adh5-/- cells would be the preferred choice as this 

removes one arm of redundancy in the protection against aldehydes, which might 

increase the impact of a second mutation in a CRISPR/Cas9 screen. Across all cell 

lines, GDF-15 expression was only induced in response to either formaldehyde or 

cisplatin in HepG2 cells (Figure 3.2). ADH5-deficiency increased sensitivity of all cell 

lines to formaldehyde, and in HepG2, this also corresponded to an increase in GDF-

15 expression.  

 

The highest formaldehyde concentration tested in HepG2 (150µM) was not 

substantially beyond the EC50 of formaldehyde sensitivity (135µM), although the 

measurements of formaldehyde toxicity in HepG2 Adh5-/- cells had considerable 
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variability. As this cell line had the greatest expression of GDF-15 and is amenable to 

gene editing, I selected it to generate a transcriptional reporter of the GDF-15 locus. 

 

 

Figure 3.2 GDF-15 induction and formaldehyde sensitivity in cell lines 
RT-qPCR measurement of GDF-15 mRNA expression relative to TBP in different cell 
lines in response to 24h formaldehyde (a) or cisplatin (b) treatment. Determination of 
formaldehyde toxicity in 24h treatment by Cell Titre Blue assay, the estimated EC50 is 
given below (c). Points represent mean of experimental replicates ± SD; n = number 
of experimental replicates; statistical comparisons were only performed when n ≥ 3 (a-
b) * = p<0.05 (Dunn’s Test, comparing to 0µM within genotype) (c) * = p<0.05 (Paired 
Wilcoxon Rank Test comparing WT vs Adh5-/-).  
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3.2.2 Endogenous Reporter Construction 
 

A transcriptional reporter construct was engineered by Philip Hublitz in the WIMM 

Genome Engineering core facility, designed to integrate an mNeonGreen (mNG) 

sequence into exon 2 of the GDF-15 locus (referred to as Donor template; Figure 

3.3a), with homologous recombination into the target locus stimulated by means of the 

Ruby variant of the pX458 vector expressing Cas9 and a gRNA targeting exon 2 of 

the GDF-15 locus, hereafter pX458R-GDF-15. The donor template contains a GSG 

linker and T2A sequence that allows translational ribosome skipping between mNG 

and GDF-15 translation products and removes the endogenous PAM containing 

template sequence to prevent re-editing by Cas9. I verified effective Cas9 cleavage of 

the GDF-15 locus using HepG2 cells transfected with pX458-GDF-15, which I sorted 

based on mRuby expression. Efficiency was calculated using TIDE analysis of Sanger 

sequencing products of the GDF-15 locus in HepG2, reporting cutting efficiency of 

61.7%. 

 

To produce the reporter cell line, I co-transfected HepG2 cells with donor template and 

pX458-GDF-15 by electroporation (Figure 3.3b). To increase the efficiency of 

integration (Yao et al., 2018) and reduce persistence of non-integrated DNA, I 

linearised the donor template using PsiI-v2. After 48h-72h, cells were single cell sorted 

based on expression of both mNG and mRuby signal. I first attempted to identify 

clones with successful functional reporter integration using flow cytometry. To do this, 

I single cell sorted mRuby+mNG HepG2 cells and allowed colonies to grow for 2 

weeks. I then split colonies to replica plates and after 1 further week, I treated one 

plate with 5µM cisplatin for 24h. I analysed mNG expression by flow cytometry, and 

did not identify any clones that expressed mNG either basally, or after GDF-15 
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induction with cisplatin (Figure 3.3c). I then assessed whether there was any sign of 

genomic integration by PCR, repeating the electroporation on new cells and bulk 

sorting mNG and mRuby double positive cells, from which I extracted gDNA. To 

provide a positive control sequence, I produced a modified version of the donor 

template plasmid that extended the homologous sequence at both the 5’ and 3’ ends 

of the plasmid. I could not detect any integration into the homologous locus within any 

primer pair, including when testing across a range of annealing temperatures, or when 

using DMSO in the PCR mix (Figure 3.3d). 

 

One method of improving the efficiency of integration of the donor template, is the use 

of pharmacological inhibitors of NHEJ, including SCR7 (inhibitor of DNA ligase IV) and 

NU7741 (inhibitor of DNA-PK) (Chu et al., 2015; Maruyama et al., 2015; Robert et al., 

2015), or promoters of HDR (commercially produced cocktail Alt-R HDR enhancer v2) 

(Kath et al., 2022). Therefore, I attempted to achieve reporter integration by culturing 

HepG2 cells in the presence of SCR7 before and after transfection, then assessing 

reporter integration by treating the cells in bulk with cisplatin and observing mNG 

signal via flow cytometry (Figure 3.3e). Again, I observed no induction of mNG in any 

group (Figure 3.3f). I next attempted to improve integration using varying combinations 

of NHEJ inhibitors and HDR enhancers through the same treatment protocol. Here, I 

assessed integration by PCR, using a range of annealing temperatures (Figure 3.3g). 

At some concentrations/annealing temperatures, integration was apparently 

observable, but there was considerable non-specific primer binding in the 

untransfected control samples for both 5’ and 3’. A clean PCR method using just the 

5’ and 3’ primers targeting the endogenous locus may help resolve this non-specific 
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binding, while Sanger sequencing may help clarify the identity of the non-specific 

bands.  
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Figure 3.3 Endogenous reporter production 
(a) Diagram of endogenous GDF-15 locus with the reporter template integrated. The 
Cas9 gRNA sequence used to generate a targeted break is removed following 
homologous integration of the reporter element. (b) Schematic of reporter integration 
and validation approaches. (c) (left) representative flow cytometry gating of replica 
clones treated with either 5µM cisplatin or untreated (right) quantification of mNG 
positive cells, clones are connected with a line (73 clones screened). (d) (Top) 
Schematic of PCR validation of template integration, extended homology arms detail 
the additional sequence added to the positive control plasmid, connected arrows 
depict expected PCR product from the primer pair used (Bottom) Representative gels 
of PCR to assess integration of donor template into bulk sorted HepG2 cells. (e) 
Schematic of SCR7 screening protocol. (f) Quantification of functionally integrated 
mNG at different SCR7 concentration, points represent 3 technical replicates, 1 
experiment. (g) PCR gels of bulk sorted HepG2 gDNA treated with varying drug 
concentrations. 
 

3.2.3 Exogenous Reporter Construction 
 

Having encountered continual difficulty in making an endogenous reporter line, I 

attempted an exogenous reporter approach. Here, I cloned a promoter fragment of the 

GDF-15 promoter (containing both p53 binding sites), and fused these to an mNG 

sequence (Promoter 1, Figure 3.4a), and inserted these into a pCMV6 plasmid, which 

contains a Kanamycin/Neomycin resistance cassette driven by an SV40 promoter. I 

also designed a control plasmid that did not contain a promoter element (No Promoter, 

Figure 3.4a), and another construct that contained the promoter construct identical to 

that described in Osada et al, 2007 (Promoter 2, Figure 3.4a). This promoter 

sequences was previously able to report GDF-15 expression through driving luciferase 

expression (Osada et al, 2007). Importantly, the SV40 promoter and GDF-15 promoter 

are oriented in opposite directions, hence mNG expression should be driven 

specifically by GDF-15 promoter elements. Again, I used a PsiI-v2 restriction enzyme 

to linearise the plasmid, and electroporated these into HepG2 cells. I selected for cells 

that had stably integrated the plasmid into the host genome by addition of G418 
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(protection conferred by the neomycin resistance cassette) to the growth media for 2 

weeks. Interestingly, I found no HepG2 cells survived this process.  

 

As HepG2 cells failed to integrate the plasmids, I searched for an alternative cell line 

that may be more amenable to editing. I identified Huh7 and HeLa cell lines as 

potential candidates, both reported to transcribe GDF-15, which is significantly 

elevated upon stimulation of the integrated stress response by tunicamycin treatment 

(Patel et al., 2019) and have both been used in to make endogenous reporter lines 

and in CRISPR/Cas9 screens (Roberts et al., 2023; Zimmermann et al., 2018). I 

evaluated GDF-15 transcription and toxicity in both HeLa and Huh7 in response to 

formaldehyde and cisplatin as above and explored whether ADH5-inihibtion increased 

sensitivity to formaldehyde using the pharmacological inhibitor N6022 (Green et al., 

2012; Wit et al., 2023). Both cell lines expressed GDF-15 in response to cisplatin, but 

only HeLa expressed GDF-15 in response to high dose formaldehyde. Huh7 did 

increased GDF-15 induction at high doses of formaldehyde following N6022 

treatment, while N6022 treatment of HeLa cells yielded no further GDF-15 increase 

(Figure 3.4b). It is of note, however, that N6022 did not increase toxicity of 

formaldehyde, suggesting that ADH5 was not sufficiently inhibited, and higher 

concentrations of N6022 may be tolerated to support further induction (Figure 3.4c). 

Toxicity of formaldehyde to HeLa cells after N6022 treatment gave variable results, 

although the absence of a difference in GDF-15 induction following treatment suggests 

ADH5 was not sufficiently inhibited in these either. Further experiments are needed to 

establish the dose of N6022 at which ADH5 is inhibited in these cell lines, or producing 

an Adh5-/- cell line.  
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I electroporated both HeLa and Huh7 cell lines with pCMV6 plasmids containing either 

no-promoter control, promoter 1 or promoter 2 (promoter 2 only in HeLa) (Figure 3.4d). 

I was able to produce stable cell lines with all 3 plasmids in both HeLa and Huh7. I 

then tested induction of GDF-15 expression by flow cytometric analysis of cells, 

treated with formaldehyde or cisplatin for 24h (Figure 3.4e). Again, I found no induction 

of mNG in response to treatment. Constitutive expression of mNG was observed for 

all 3 plasmids in HeLa, but not in Huh7 (Figure 3.4f). I verified that GDF-15 was still 

induced in these new cell lines by RT-qPCR of GDF-15. I also performed RT-qPCR of 

the mNG transcripts, to see if there was transcribed protein that had not been 

translated. If GDF-15 is induced in the cell, the promoter elements driving expression 

should have been driving mNG (Figure 3.4g). I found strong GDF-15 induction in 

response to cisplatin but not formaldehyde in these lines, but this did not correspond 

to induction of mNG transcription.  
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Figure 3.4 Exogenous reporter production 
(a) Schematics of the promoter constructs designed and cloned into pCMV6 vector 
backbone. (b) GDF-15 induction and (c() toxicity assessment in HeLa and Huh7. 
Points represent mean of experimental replicates ± SD; n = number of experimental 
replicates. (b) Schematic of stable reporter cell line generation and functional 
validation using cisplatin or formaldehyde. e) Representative FACS gating of flow 
cytometry assessment of exogenous reporter fluorescence. (f) Quantification of mNG 
expressing cells in stably produced Huh7 and HeLa cell lines. (g) RT-qPCR of GDF-
15 and mNG expression in HeLa, relative to untreated cells of the same reporter line. 
(f-g) One experimental replicate for each, performed in duplicate. 
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I made one final attempt in developing an endogenous construct using the HeLa cell 

line, transfecting cells without drugs and bulk sorting mRuby+mNG cells. To validate 

integration, I used an additional set of primers to validate 5’/3’ integration (Set 2, Figure 

3.5). I observed background bands corresponding to the correct size in 5’-primer set 

1 and 3’-primer set 2, but taking the 3’-primer set 1 and 5’-primer set 2, there did not 

appear any signal of successful integration in HeLa cells. Assessment of functional 

integration by flow cytometry was not performed and would be important for future 

work.  

 

 

Figure 3.5 Endogenous reporter production in HeLa cells 
(Top) Map of the regions of amplification by the primer sets to validate 5’ and 3’ 
integration (Bottom) PCR gel images of endogenous GDF-15 locus of HeLa cells after 
bulk sorting, red lines mark contaminating bands, numbers to the right represent size 
(bp). Numbers above represent annealing temperature used (Ta) in °C. Positive 
control and blank were run with annealing temperature 63 °C. 
 

 
This last experiment represents the last I conducted on this project. Having 

encountered substantial difficulty in generating a transcriptional reporter of the GDF-

15 locus using an exogenous or endogenous approach, I decided not to pursue further 

work.  
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3.3 Discussion 
 

In this chapter, I identified that formaldehyde treatment could induce GDF-15 

expression in multiple cell lines but encountered substantial challenge in producing a 

transcriptional reporter for GDF-15. 

 

3.3.1 Variability in GDF-15 induction 
 

Of all the cell lines that were tested in this study, only HepG2, Huh7 and HeLa cells 

could induce in response to formaldehyde or cisplatin GDF-15. DNA-damage induced 

p53 signalling is a key driver of GDF-15 expression, with two p53 binding elements 

within the promoter region of GDF-15 (Osada et al, 2007), and p53 deficiency 

completely perturbing GDF-15 induction in mice in response to cisplatin (Mulderrig et 

al., 2021). It appears p53 status of selected cell lines typically corelated with GDF-15 

expression in this study: HepG2 and HeLa have functional p53 (Scheffner et al., 1990; 

Vollmer et al., 1999) and Huh7 contains a mutated form with high stability (Bressac et 

al., 1990), on the other hand, Jurkat cells have attenuated p53 activity (Gioia et al., 

2018) and HEK293 express proteins E1A/E1B from adenovirus-5, which directly 

antagonises p53 activity (Savelyeva & Dobbelstein, 2011). p53 alone does not provide 

a full explanation for the different expression levels, RPE1 express WT p53 but have 

no observable induction (Haapaniemi et al., 2018), and genetic and epigenetic 

differences in regulatory proteins will differ between cells. Indeed, HK-2 cells express 

E6/E7 proteins from human papilloma virus, of which E6 degrades p53 (Pal & Kundu, 

2020), still had very small induction was observed in HK-2 cells. This highlights the 

important functions of different promoter elements, binding transcription factors such 
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as ATF4 and CHOP, activated upon integrated stress response signalling (Li et al., 

2018; Miyake et al., 2021). A key limitation of this experiment was that only the 24h 

time point was considered. In vivo GDF-15 expression in response to stress is acute: 

GDF-15 is expressed within 2 hours of acute kidney injury (Liu et al., 2020). Indeed, I 

measured GDF-15 mRNA in Adh5-/- mouse tissues in response to acute methanol 

challenge, which identified GDF-15 expression peaking in the kidneys within 6h 

(males) and 12h (females) (Figure 3.6a). It is likely that this would be more so the case 

in vitro, hence the lack of induction in cell lines following treatment may be more a 

reflection of missing the window of expression, rather failure of induction. Furthermore, 

this may have necessitated higher concentrations of formaldehyde to have persistent 

effects of induction over 24h. However, I did look at 6h time point for HeLa cells, and 

here I did not see strong induction, but this only has one experimental replicate (Figure 

3.6b).  

 

Figure 3.6 Dynamics of GDF-15 Induction in mice and HeLa cells 
(a) GDF-15 transcription induction in 8–18-week-old Adh5-/- mice by 2g/kg methanol 
IP. Bars represent mean ± SD, 2-3 mice per time point (b) GDF-15 expression in HeLa 
cells following 6h incubation with formaldehyde/cisplatin. Points represent mean of 
technical duplicates ± SD, 1 experiment performed. 
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There are further limitations to be aware of. For one, only one Adh5-/- clone was 

assessed for each cell line. Single cell clones acquire different characteristics through 

mutation acquisition or epigenetic changes, which can alter their response to drug 

treatment (Hanlon et al., 2019; Mao et al., 2008; Maruyama et al., 2015). Therefore, 

effects on induction may be a clone specific artefact and not due to activity of ADH5 

deletion (although formaldehyde sensitivity in Adh5-/- cells is expected and consistent 

across cell lines). Further work will be needed to validate these findings in independent 

clones of the cell line selected, before a screen is to be performed. For another, 

several cell lines were only tested in one experimental replicate (HK-2, RPE1, Huh7, 

HeLa + N6022). 

 

3.3.2 Reporter Construction 
 

HepG2 was initially selected as the cell line of choice because its strong induction and 

relatively low sensitivity to formaldehyde would mean relative increases in induction 

can be readily detected. HepG2 cells are also amenable to editing, observing cutting 

efficiency of 61.7% at the GDF-15 locus. However, these cells were apparently 

resistant to integrating plasmid DNA into the genome. Developing good PCR based 

approaches of validation were complicated by the absence of a non-plasmid based 

positive control template, which requires different optimisation conditions that may not 

translate to a successful PCR of genomic template. However, to mitigate for this, I also 

tested whether any cells had integrated a functional reporter directly using flow 

cytometry, and none were observed. Therefore, even if successful integration was 

achieved in a small subset of cells, there was not an identifiable signal that 

corresponded to functional activity.  
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Integration of donor templates through HDR is inefficient due to the rapid incidence of 

NHEJ in response to DNA breaks (Mao et al., 2008; Maruyama et al., 2015). A range 

of concentrations of NHEJ inhibitors was used, including inhibition before cutting was 

carried out, but none of these conditions resulted in improved efficiency of integration 

(although a high-quality PCR is still pending). It may be that NHEJ could still operate 

through non-canonical NHEJ, which utilises DNA ligase I and III, rather than IV 

(inhibited by SCR7), and does not depend on DNA-PK-Ku70 holoenzyme formation 

(DNA-PK inhibited by NU7741) (Boboila et al., 2010; Panier & Boulton, 2014). 

Furthermore, NHEJ is active throughout the cell cycle, rather than in S/G2 (Panier & 

Boulton, 2014), and synchronisation of cells in the cell cycle has been reported to 

improve rates of HDR mediated integration in human induced pluripotent stem cells 

(Yang et al., 2016). This may be a way to increase targeting of the GDF-15 locus. 

Integration efficiency may also relate to the sequence context of GDF-15 locus, but 

GDF-15 locus is in an active region of the genome (HepG2 constitutively express 

GDF-15 in basal conditions), hence HDR should be favoured (Aymard et al., 2014). 

 

The exogenous reporter approaches had a similar fate, with HeLa and Huh7 cell lines 

able to successfully integrate plasmid (determined by selection of cells stably 

expressing antibiotic resistance), but at least in the HeLa line, this did not correspond 

to functional GDF-15 reporter. It remains to be shown whether this was the same in 

Huh7. The GDF-15 promoter 2 design was identical to that used in Osada et al., 2007, 

which was linked to a luciferase reporter, so why did it work previously? The first 

difference lies in that the vector backbone used by Osada et al., was a pGL3-Basic 

plasmid (Addgene plasmid #212936). In this construct, the multiple cloning site where 
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the GDF-15 promoter was inserted, is flanked in the 5’ region by an RNA polymerase 

II termination signal. The pCMV6 vector I used contains no such element, which may 

explain constitutive promoter activity observed in HeLa. Another difference is the cell 

line used. Osada et al., used Saos2 cells, which don’t express p53 themselves, but 

were modified to overexpress p53. Therefore, activation of the promoter observed by 

Osada et al., is a product of over-expression in unstimulated conditions, not a 

reflection of the regulatory environment of the cell. It would be interesting to see what 

happens if the reporter-mNG constructs detailed in this chapter were cloned into the 

pGL3-Basic background and placed into HeLa cells, and stimulated with formaldehyde 

or cisplatin. If mNG is induced, this would support the promoter elements within the 

range detailed being sufficient to drive GDF-15 induction in response to DNA damage. 

 

While generating endogenous and exogenous reporter methods were challenging, a 

third, non-reporter-based method may be worth considering. Flow-FISH involves use 

of fluorescent in-situ hybridisation probes specific to RNA of a gene of interest, 

allowing changes in gene expression associated with specific guide-RNAs to be 

detected by flow cytometry. This has been applied in CRISPRi-screens to identify 

regulatory elements that modulate expression of GATA2 and HDAC6 (Fulco et al., 

2019), and has been successfully applied to HepG2 cells (Reilly et al., 2021). Such an 

approach would allow one to circumvent additional rounds of cell line modification 

needed to produce a reporter, and get around the apparent difficulties of generating a 

GDF-15 reporter itself, to provide a more direct method of detecting expression. 
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3.3.2 Conclusion 
 

The purpose of designing a reporter cell line was to use GDF-15 induction as a 

sensitive readout of formaldehyde stress in cells in vitro, using conditions that would 

not induce substantial toxicity. This could reveal novel enzymes involved in tier-1 and 

tier-2 protection against formaldehyde stress, and genes involved in signalling to the 

GDF-15 locus. Unfortunately, none of the approaches used here yielded a functional 

reporter cells line. In the process I discovered several limitations in the strategies I 

used, which inform the choice of avenues for future work, but I did not pursue these 

further. 

 

 

 
 

 



 Roles for endogenous aldehydes in haematopoietic ageing and immunity   

 Oliver Beaven - 2025  92 

Chapter 4 
 
 
The influence of ALDH2 deficiency 
on humoral immunity 
 
 
 
 
 
 
 

4.1 Introduction 
 

4.1.1 An immunological hypothesis for the ALDH2*2 paradox 
 

The ALDH2*2 allele decreases the catalytic activity of ALDH2 protein (Figure 4.1a-b), 

causing carriers who consume alcohol to accumulate very high levels of acetaldehyde, 

resulting in the famous “Asian Flush” response (Crabb et al., 1989; Harada et al., 1981; 

Xiao et al., 1996; Yoshida et al., 1984). As a result, alcohol consumption in ALDH2*2 

carriers significantly increased risk of cancer development, most commonly 

oesophageal cancer (Im et al., 2022; Yokoyama et al., 1996, 2003). Beyond the 

adverse reaction to alcohol, ALDH2*2 is a major risk allele in the congenital disease 

FA and ADDS, highlighting the significant burden of aldehydes on the mechanisms of 

DNA repair in these carriers (Hira et al., 2013; Dingler et al., 2020; Oka et al., 2020). 

It is therefore curious that this allele has persisted in human populations, now affecting 

~540 million people worldwide (Figure 4.1c; Brooks et al., 2009; H. Li et al., 2009). 
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Even more so, estimations based on archaeological data and averaging of haplotype 

lengths in current populations, suggest ALDH2*2 first arose underwent expansion 

within the last 2000-3000 (Cong et al., 2022; Field et al., 2016; Luo et al., 2023; Okada 

et al., 2018; Taliun et al., 2021). This recent expansion suggests this variant has been 

positively selected. 

 

Interestingly, incidence of ALDH2*2 overlaps with another common variant in the 

enzyme aldehyde dehydrogenase 1b (ADH1B), ADH1B*2 [rs1229984, Arg47>His] 

(Edenberg, 2007). This polymorphism is even more widespread among East Asians 

(affecting ~89%), believed to predate ALDH2*2, having arose ~7,000 years ago and 

recently expanded from ~4,000 years ago (Cong et al., 2022; Eng et al., 2007; 

Koganebuchi et al., 2017; Li et al., 2007; Luo et al., 2023; Okada et al., 2018; Taliun 

et al., 2021). ADH1B is responsible for the conversion of ethanol to acetaldehyde, and 

ADH1B*2 encodes a non-synonymous mutation that accelerates this rate of 

conversion (Edenberg, 2007). ADH1B*2 does not directly induce a “flushing” response 

to alcohol and only induces milder increases in blood acetaldehyde after consumption, 

but it is negatively associated with drinking behaviour independently of ALDH2*2, and 

can have synergistic effects in cancer promotion (Chen et al., 1999; Peng et al., 2014; 

Peng & Yin, 2009). It is striking that the ADH1B*2 and ALDH2*2 mutations originated 

independently yet converge on acetaldehyde metabolism (Figure 4.1d), possibly 

suggesting acetaldehyde is an agent that underpins the natural selection of these 

alleles (Oota et al., 2004). 
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Figure 4.1 – The ALDH2*2 paradox 
(a) Homodimer structures of ALDH2*1 (PDB1O05) and ALDH2*2 (PBD1ZUM) 
variants described by (Larson et al., 2005). Residue 487 in each monomer are 
highlighted. Lysine substitution prevents the formation of the central alpha helix 
structures (highlighted blue) in the oligomerisation domain, decreasing tetramer 
stability, as well as reducing affinity to NAD+ (essential cofactor for acetaldehyde 
oxidisation). (b) Reduced catalytic activity of final homotetrameric structure of ALDH2 
upon increasing ratio of ALDH2*2 subunits in the final tetramer (Xiao et al., 1996; Zhou 
& Weiner, 2000). (c) Distribution of ALDH2*2 variant in East Asia, taken from (Figure 
2 from (Li et al., 2009); open triangles represent population sample locations, grey 
scale represents allele frequency). (d) Convergent activities of the common ADH1B*2 
and ALDH2*2 on acetaldehyde metabolism.  
 

Potential protective roles of ALDH2*2 have been observed in GWAS studies. A study 

assessing the Japanese BioBank, found the ALDH2*2 variant was significantly 

associated with 47 characteristics, including a protective relationship against 

cardiovascular disease, ischemic stroke and liver cirrhosis (Sakaue et al., 2021). 

However, these protective effects may be largely attributable to the dominant action 

of ALDH2*2 in promoting alcohol abstinence (which was not investigated in this study). 

Indeed, these cases where ALDH2*2 is associated with obesity and cancer, are both 

dependent on alcohol consumption (Im et al., 2022; Spracklen et al., 2020; Wang et 

al., 2016). Given the protective effect of alcohol abstinence, this may be thought to 

drive selection, however, this argument has limitations. ALDH2*2 heterozygotes 
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continue to consume alcohol in abundance, so the notion of behavioural change is 

incomplete (Crabb et al., 1989; Higuchi et al., 1996; Xiao et al., 1996). Second, cancer 

incidence associated with ALDH2*2 is only increased later in life, well after the 

reproductive window begins, making it unlikely to significantly affect reproductive 

fitness (Lee et al., 2022; Yokoyama et al., 2019). 

 

One of the most important drivers of positive selection in human populations in 

resistance to infectious disease (Fumagalli et al., 2011; Karlsson et al., 2014). There 

is evidence to suggest that aldehydes normally cleared by ALDH2, can positively 

influence actions of the innate and adaptive immune system (see Wang et al., 2024 

for an extensive review of the innate and adaptive immune system).  

 

First, in innate immunity. Innate immunity involves a fast acting, non-specific response 

to clear invading pathogens. Neutrophils are essential in this response, which release 

an oxidative burst that directly kills engulfed pathogens (Segal, 2005). Experiments 

with human neutrophils cultured ex vivo, found myeloperoxidase (MPO) can produce 

aldehydes through the oxidation of free amino acids, using H2O2 and Cl- as cofactors, 

including the production of acetaldehyde from free alanine (Anderson et al., 1997; 

Hazen et al., 1998). Loss of MPO results in immunodeficiency, as MPO deficient 

neutrophils lose their ability to kill bacteria (Lehrer et al., 1969.; Segal, 2005). Based 

on the known cytotoxic effects of aldehydes to bacteria (O’Brien et al., 2005), it is 

possible that ALDH2 deficiency may support direct pathogen killing by neutrophils by 

increasing the aldehyde concentration, facilitating more rapid pathogen killing.  
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Second, adaptive immunity. The adaptive immune response is instigated by T (cell-

mediated) and B (antibody-mediated) cells, which have specialised surface receptors 

to detect antigens directly, or antigens processed and presented by the innate immune 

system (epitopes), allowing them to mount specific responses to the pathogens. In 

work by Allison & Fearon (2000), direct modification of antigens by glycolaldehyde, 

which can be produced through L-serine oxidation by MPO, was reported to 

significantly increase the immunogenicity of model antigens ovalbumin (OVA), Hen 

Egg Lysozyme (HEL) and chicken gamma globulin. Additionally, antigen presentation 

by macrophages and dendritic cells, and subsequent T-cell activation was accelerated 

when presenting modified antigens in vitro. These experiments suggest that increased 

antigenicity (ability of antigen to activate immune response by binding to immune cells 

receptors) is conferred by aldehyde modification that may occur in vivo by products of 

the innate immune system. Therefore, by increasing the aldehyde concentration in 

vivo in ALDH2*2 individuals, the chance of these modifications may increase, 

supporting adaptive immunity. 

 

4.1.2 Evidence for ALDH2 deficiency affecting humoral immunity 
 

To explore whether ALDH2 deficiency may confer a humoral immune advantage, 

fellow group member Felix Dingler (F.Dingler), immunised ALDH2 proficient (Aldh2+ 

(see methods)) and deficient (Aldh2-/-) mice with OVA. Remarkably, the anti-OVA IgG-

titres against Aldh2-/- mice were significantly increased against WT (Figure 4.2a). 

Based on the convergent effects of the common ADH1B*2 and ALDH2*2 variants on 

acetaldehyde, and the ability for acetaldehyde to be produced from MPO metabolism, 

F.Dingler explored whether the differential effect observed may be result of direct 
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modification of OVA acetaldehyde, similar to the proposal by Allison & Fearon. 

Immunisation with acetaldehyde modified OVA suggested modification may indeed 

drive an increase in the mean anti-IgG titre (although there was considerable viability) 

(Figure 4.2b). This preliminary data gives credence to the argument that ALDH2 

deficiency may confer an immune advantage, and that direct modification of antigens 

by acetaldehyde may be a mechanistic route.  

 

In this chapter, I ask whether these observations with OVA were generalisable to other 

antigens, which would further support an argument that improving antigenicity by 

direct modification of antigens occurs in Aldh2-/- mice. 

 

 

Figure 4.2 – Aldh2-/- mice have greater humoral response to OVA 
(a) Mean Anti-OVA IgG titres of serum from Aldh2+ and Aldh2-/- mice, immunised with 
50µg/50µl at weeks 0, 2, 4, 6 (arrows). Points represent mean ±SD, * = p<0.05 t-test. 
(b) Mean anti-OVA IgG titres of serum from Aldh2+ mice, immunised with 50µg/50µl 
OVA or acetaldehyde modified (ac)OVA, at weeks 0, 5 and 10 (arrows). Points 
represent mean ±SD, significance where p<0.05, Mann-Whitney U test. Dotted line at 
y=40 represents limit of detection by ELISA. 
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4.2 Results 
 

4.2.1 Direct acetaldehyde modification does not increase 
antigenicity of HEL or BSA 
 

I first set about addressing whether acetaldehyde modification induces adjuvant like 

properties, as was suggested in the OVA condition. I performed this using HEL and 

BSA, which both contain surface lysine residues that enable modification, and have 

lysine residues present in previously described epitopes, supporting potential these 

proteins to be stably modified by acetaldehyde (Figure 4.3). I treated HEL and BSA 

with the same protocol used to modify OVA, incubating with 500mM acetaldehyde for 

12-16 hours at 37 °C. To prevent avidity effects of protein aggregation (Benne et al., 

2016), I isolated the monomeric fraction of these proteins by size exclusion 

chromatography, identifying the monomeric fraction by SDS-PAGE stained with 

Coomassie blue. I repeated this process with antigens treated with PBS, to serve as 

the monomeric control antigens used throughout this chapter (Figure 4.4). 
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Figure 4.3 – PDB Structures of antigens used in this study 
PDB structures of proteins used for immunisation in this chapter. Molecular surface 
representations are depicted with lysine residues highlighted in red. Residues that 
contribute to characterised epitopes are highlighted in yellow. 
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Figure 4.4 – Purification of HEL and BSA by SEC 
(Top) SEC trace of with (bottom) SDS-PAGE gel stained with Coomassie blue of 
eluted protein fractions indicated from trace, for HEL (a) and BSA (b). Multimeric 
aggregates marked by *. 
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Based on work on OVA, a compressed immunisation schedule produced a more 

robust antibody response and decreased variability between groups (Figures 4.1a 

versus 4.1b), hence I opted for a similar schedule (Figure 4.5a). I first immunised 

Aldh2+ mice with 5µg/50µl HEL or acHEL, based on the dose used by Allison & 

Fearon, 2000, but this did not induce a detectable immune response in mice (data not 

shown). Therefore, I increased the dose to 50µg/50µl HEL, where an immune 

response was detected (Figure 4.5b). This became the working dose for all 

subsequent immunisations unless otherwise stated. Acetaldehyde modification did not 

induce a significant difference to the IgG titre of either HEL or BSA at any time point 

(Figure 4.5b-c; Mann-Whitney U test, p>0.05). However, it is worth highlighting the 

tendency for both unmodified HEL and BSA to confer a greater immune response, 

over the modified form, which may suggest a negative effect of acetaldehyde 

modification on these antigens, counter to OVA. 

 

To rule out the possibility of acetaldehyde modification producing new epitopes that 

are not recognised on the unmodified antigen by ELISA, I repeated the ELISA of BSA 

and acBSA immunised mice, using both unmodified and modified BSA as the test 

substrate (Figure 4.5d). I found no difference in anti-BSA IgG titres between the 

different test antigens, suggesting that any acetaldehyde specific epitopes that may 

have been produced were not working in an immunodominant manner. I also 

performed this using week 12 serum samples from the original OVA/acOVA 

experiment, again finding no difference relating to the test substrate, and reassuringly 

corroborating the pattern of results observed previously (Figure 4.5e).  
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These results suggest that direct modification of antigens by acetaldehyde does not 

increase antigenicity in mice in a manner generalisable across antigens. 

 

 

Figure 4.5 – Acetaldehyde modification does not increase immunogenicity of 
HEL or BSA  
a. Immunisation protocol for experiment, mice were immunised with either 50µg/50µg 
modified (ac) or unmodified antigen on weeks 0, 2, 4, and 6. b. Anti-HEL IgG titre for 
mice immunised with HEL or acHEL. c. Anti-BSA IgG titre for mice immunised with 
BSA or acBSA. Points are mean ±SD. Significant values where p<0.05, Mann-Whitney 
U. d. Titre for individual mice from week 6 BSA experiment in this figure to BSA and 
acBSA, as measured by ELISA. e. Titre for individual mice from week 14 of OVA 
experiment in figure 4.2a, to OVA and acOVA, as measured by ELISA. Lines connect 
measurement in samples from the same mouse.  Dotted line at y=40 represents limit 
of detection by ELISA. 
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4.2.2 Aldh2-/- mice do not exhibit a greater immune response to 
HEL, BSA or HA 
 

Next, I sought to determine whether Aldh2-/- mice had a greater humoral immune 

response to immunisation against HEL or BSA, as observed in OVA condition. I began 

by confirming the phenotype observed in OVA, repeating the ELISA described in 

Figure 4.3d-e, again reporting a significant increase in IgG titre in Aldh2-/- against 

Aldh2+, without indication of an acetaldehyde specific immunodominant epitope 

(Figure 4.6a). I immunised Aldh2+ and Aldh2-/- mice with 50µg/50µl HEL or BSA as 

before (Figure 4.6b) and determined the anti-HEL/BSA IgG titre by ELISA (Figure 4.6c, 

4.6d). A humoral response was detected against both conditions, but this did not yield 

a significant difference between genotypes. 

 

To examine an additional antigen relevant to vaccine development, I also tested using 

recombinant HA (variant H3N2 A/Aichi/2/1968, kindly gifted from Pramila Rijal, 

Oxford), routinely used for influenza vaccinations (Daniels et al., 1987; Slifka et al., 

1998; Wang et al., 2018). For these experiments I administered mice with 25µg/50µl 

HA via intramuscular injection on weeks 0, 3, 6, and 9 (Figure 4.6e). I was also 

interested in whether there was a difference in immunological memory between Aldh2+ 

and Aldh2-/- mice, so I extended the protocol to provide a 4th booster at week 18 

(leaving time for the active plasma cell count and antibody concentration to decline). 

Again, however, I did not observe a significant difference between genotypes (Figure 

4.6f). Anti-HA IgG titres remained high in the time between weeks 9-18, indicative of 

persistence of long-lived plasma cells, suggesting that this regime was not a sufficient 

test of immune memory (Slifka et al., 1998). 
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Together, these results suggest that the increased humoral response to OVA in Aldh2-

/- must operate through a mechanism that is not generalisable to other antigens. 

 

Figure 4.5 – Aldh2-/- mice do not have elevated humoral response to HEL, BSA 
or HA 
(a) (left) figure 5.2a repeated (right) ELISA against OVA or acOVA using week 10 
serum collected from the same experiment. Points represent mean ±SD, * p<0.05, 
Mann-Whitney U test. (b) Immunisation protocol for mice were immunised with 
50µg/50µg unmodified antigen. (c) Anti-HEL IgG titre. (d) Anti-BSA IgG titre. U. (e) 
Immunisation protocol mice immunised with 25µg/50µg unmodified HA. (f) Anti-HA 
titre, a cohort of the experimental mice were not used beyond week 12, indicated by 
vertical line change in n numbers. Points are mean ±SD. Significant values where 
p<0.05, Mann-Whitney U test. Dotted line at y=40 represents limit of detection by 
ELISA. 
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4.2.3 Adjuvant stimulation does not induce a differential effect in 
Aldh2-/- mice 
 

MPO activity is not restricted to generation of acetaldehyde (Hazen et al., 1998; Zhang 

et al., 2002), nor is ALDH2 restricted to detoxification of acetaldehyde (O’Brien et al., 

2005). Indeed, ALDH2 does have affinity to glycolaldehyde, established by Allison & 

Fearon to increase antigenicity, and can be produced by serine oxidation. I 

hypothesised that by hyperactivate the innate immune system, I may increase the total 

aldehyde burden produced by MPO, thereby increasing endogenous tagging and 

adaptive immune activation, which may be differentially larger upon loss of ALDH2.  

 

To test this hypothesis, I immunised Aldh2+ and Aldh2-/- mice either BSA or HA, 

combined with the MF-59-like, oil-in-water based emulsion, Addavax. Addavax was 

selected as it has been characterised to promote neutrophil recruitment to the injection 

site, and subsequent antigen presentation and humoral increase (Calabro et al., 2011; 

O’Hagan et al., 2012; Zhang et al., 2025), verified to increase the humoral response 

to the same HA variant used in this study (Wang et al., 2018). In the BSA group, 

Addavax treatment failed to significantly increase the antibody titre against non-

Addavax treated controls at any week (Mann-Whitney U, p>0.05), and also failed to 

induce a differential effect between genotypes at any time point (Figure 4.5a). This 

might suggest a sub-optimal priming strategy with Addavax for delivery of BSA, which 

may relate to its route of administration (subcutaneous), which has been reported to 

decrease responses (Bian et al., 2022). For the HA group, Addavax treatment 

significantly increased anti-IgG titres against non-Addavax treated groups at all time 

points (Mann-Whitney U, p<0.05), and, interestingly, in WT mice, there was a 
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significantly faster induction of the immune response, observed at week 6, which then 

disappeared by week 8 (Figure 4.5b). 

 

These experiments suggest that Aldh2-/- may contribute to the differential effects of 

the innate immune system, but that these effects are not generalisable to different 

antigens, and can be negative. 

 

 

Figure 4.6 – Priming with Addavax causes differential immune response in 
Aldh2-/- against HA but not BSA 
a. (Left) Immunisation protocol for mice primed with 10µg/50µl BSA in a 1:1 ratio with 
Addavax:PBS, subsequent boosters were performed with 50µg/50µl BSA in PBS 
(Right) anti-BSA IgG titres. (b) (Left) Immunisation protocol for mice primed with 
10µg/50µl HA in a 1:1 ratio with Addavax:PBS, subsequent boosters were performed 
with 25µg/50µl HA in PBS (Right) anti-HA IgG titres. Points are mean ±SD. Significant 
values where p<0.05, Mann-Whitney U test. Dotted line at y=40 represents limit of 
detection by ELISA. 
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4.3 Discussion 
 

Work in this chapter assessed whether the apparent increase in adaptive immune 

response against OVA observed in Aldh2-/- mice, was generalisable to other antigens, 

and operated through a mechanism where antigens are directly modified by 

acetaldehyde. I found that any effect due to Aldh2-/- or acetaldehyde modification, on 

the immunogenicity of HEL, BSA or HA, tended to be negative, although these were 

subject to considerable variability and in almost all cases appeared statistically 

insignificant, suggesting the study was underpowered to detect such differences. It is 

interesting to note that there was a significantly faster induction of a humoral 

responses to HA in response to Addavax treatment in Aldh2+ mice, which may suggest 

in vivo modification dependent on ALDH2 conferring a negative effect on the humoral 

response, but does not confirm this as the mechanism the action. When considering 

the humoral response to HEL, OVA, BSA and HA, it appears there is some interaction 

with ALDH2, which can be positive or negative, depending on the antigen, which may 

indeed translate to antigens encountered in human history to facilitate selection.  

 

4.3.1 Antigen specificity in aldehyde mediated immunity 
 

The fact that the response of Aldh2-/- mice was different between antigens, is not an 

unusual finding, and highlights the highly specific nature of immune responses. 

Epitopes produced after antigen processing have specific properties, facilitating highly 

specific binding interactions with T-cell receptors (TCRs) and surface antibodies on B-

cells (Allen et al., 1987; Majorek et al., 2012; Pishesha et al., 2022). The influence of 

modifications on these interactions, is dependent on the epitope sequence. This has 
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been described in detail with relation to formaldehyde modifications on different 

epitopes of diphtheria toxin, which can both increase and decrease binding affinity to 

specific antibodies in an epitope specific manner (Tommaso et al., 1994; Metz et al., 

2003). If we consider the direct modification hypothesis as the mechanism through 

which Aldh2-/- mice alter the antigenicity of epitopes, this may explain the differential 

effects in OVA (and negative effects on HA in Addavax stimulation). Indeed, the 

delayed onset of a strong response in Aldh2-/- mice primed with HA+Addavax, may 

reflect a decrease in receptor affinity conferred by endogenous modification, which 

necessitates affinity maturation in germinal centres, meanwhile high affinity 

interactions could support direct plasma cell production and rapid immunity in Aldh2+ 

mice (Kwak et al., 2019; Paus et al., 2006). 

 

The present work suggests that direct modification of antigens by acetaldehyde did 

not have a strong effect on antigenicity, which would argue against the convergent 

effects of ADH1B*2 and ALDH2*2 on acetaldehyde, interacting with the immune 

response. However, there are some considerations to be made. Acetaldehyde is 

believed to stably adduct lysine residues on proteins (Hoffmann et al., 1993; Tuma et 

al., 1987) and acetaldehyde moieties on proteins have been described to confer 

immunogenicity. This is observed from presence of auto-antibodies from alcoholic 

patients with a higher affinity to acetaldehyde-modified proteins than unmodified (I 

Niemela et al., 1987; Worrall et al., 1991). Similar observations have been made when 

mice injected with acetaldehyde-modified KLH, assessed for their antibody titre 

against acetaldehyde-modified human plasma and haemoglobin (Israel et al., 1986). 

In these studies, antibodies were no further reactive to the unmodified protein. I did 

not observe this when comparing the titre of antibodies reactive to unmodified and 
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modified forms. A key difference between the present work and these past studies, is 

that I did not stabilise acetaldehyde modifications on antigens used for immunisation 

and ELISA using NaBCNH3. Based on the apparent stability previously reported 

(Tuma et al., 1987; Hoffman et al., 1993), and the fact that modified antigens were 

stored at -20°C, I assumed there would not be significant reversal. However, Isreal et 

al. also probed whether NaBCNH3 treatment affected binding affinity, and found there 

was a significant increase when adducts were stabilised. Indeed, Tuma et al., 1987 

observed more stable adducts when NaBCNH3 was used. Furthermore, Niemela et al 

and Worrall et al both also observed higher binding affinity from the serum antibodies 

of the non-alcoholic patients to acetaldehyde modified haemoglobin, which would 

argue in favour of a generalised impact of acetaldehyde in increasing antibody affinity, 

which would not have been observed in my study. Instability of acetaldehyde adducts 

may have resulted in incomplete adduction of the injected protein, preventing 

recognition of acetaldehyde specific moieties.  

 

These results contrast to the observations of glycolaldehyde adduction increasing 

antigenicity observed by Allison & Fearon, but this may be expected based on the 

chemical differences between acetaldehyde and glycolaldehyde. For one, 

glycolaldehyde adduction forms adducts believed to be more stable, producing 

ketoamine structures that can resist chemical destabilisation (Acharya & Manning, 

1983). Furthermore, where glycolaldehyde and acetaldehyde both form Schiff bases 

upon reaction with amine residues, glycolaldehyde undergoes Amadori 

rearrangement, generating new aldehyde groups that can go onto crosslink with other 

amino acids, while acetaldehyde is less likely to undergo further spontaneous reaction 

(Acharya & Manning, 1983; Glombt & Monnier, 1995; Kamps et al., 2019). Therefore, 
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the chemical nature of the modification mediated by the aldehyde will significantly 

affect its influence on antigenicity.  

 

While not observed here with acetaldehyde adducts, other aldehyde modifications that 

are abundant owing to lack of detoxification by ALDH2, may be significant and 

contribute to the variable responses of Aldh2-/- mice. Formaldehyde modification of 

proteins has been reported to increase the immunogenicity of antigens, as observed 

in vaccination against toxins of Haemophilus ducreyi (Lagergård et al., 2007) or 

Bacillus anthracis (Little et al., 2007). As well as more readily forming adducts on 

amino acid residues (Kamps et al., 2019), formaldehyde adducts are well reported to 

produce protein-protein crosslinks (Kast & Klockenbusch, 2010), which could increase 

immunogenicity by promoting protein aggregation (Benne et al., 2016). Besides 

formaldehyde, larger, more complex aldehydes, such as 4-hydroxynonenal (4-HNE) 

adduction and malondialdehyde (MDA), are capable of producing distinct epitopes on 

proteins that are specific to the modification, rather than the native protein (Thiele et 

al., 1998). These are both substrates of ALDH2, and can be produced from lipid 

peroxidation (Vasillou et al., 2004), another significant product of MPO activity (Zhang 

et al., 2002). Indeed, 4-HNE and MDA adducts are often elevated in alcoholic patients 

and have been associated with auto-immune disorders, facilitating production of self-

active antibodies (Khatoon et al., 2012; Tuma, 2002). These modifications would be 

undetected by ELISA against the native antigen, so it would be interesting to look for 

alternative adducts that might support protection.  

 

The measure of IgG binding activation by ELISA, is an efficient means through which 

we can integrate the activities of innate and adaptive immune system into a final 
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antibody response. However, this only captures a fraction of activity of the adaptive 

system. First, not all IgG antibodies are the same, and our ELISA does not differentiate 

between the abundance of neutralising antibodies, which would be more effective in 

killing pathogens early in the immune response (Kwak et al., 2019; Paus et al., 2006; 

Roost et al., 1995). Furthermore, this study did not describe the effect on conferring 

immunological memory. Antigen affinity to the B-cell receptors, and TCRs on T-

follicular helper cells present in germinal centres, are both essential determinants of 

B-cell differentiation, which may indeed be influenced by changing affinity 

relationships due to aldehyde modification (Benson et al., 2007; Crotty, 2014; Shih et 

al., 2002). Finally, while focus was on antibody production, the other roles of T-cells 

were not considered, including those involved in driving cell-mediated immunity and 

innate immune regulation, which are also directed in part by affinity-based reactions 

with the TCR (Crotty, 2014; Tubo et al., 2013). Intriguingly, improved cell mediated 

protection has been suggested in a cohort of Japenese participants following COVID-

19 vaccination. Here, ALDH2*2 carriers had a weaker IgG response, but enhanced T-

cell response (Bogahawaththa et al., 2024; Matsumoto et al., 2022). These studies 

are confounded by a very small sample size, but nevertheless highlight the necessity 

of further study. 

 

4.3.2 The direct killing hypothesis and limitations of the immunity 
hypothesis 
 

Besides supporting an adaptive immune response, there is also the hypothesis where 

aldehydes contribute to the direct killing of pathogens carried out by the innate immune 

system, as laid out by Darwin & Stanley, 2022. These authors applied this hypothesis 

to a study in Aldh2-/- mice, (Berry et al., 2023), to ascertain whether ALDH2 deficiency 
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conferred protection to Mycobacterium tuberculosis and Francisella tularensis. Their 

study did not provide strong evidence for this. They found that in vitro, the aldehydes 

formaldehyde, 4-HNE and MDA (all catabolised by ALDH2) only induced toxicity at 

high concentrations (the lowest concentration of formaldehyde tested was 100µM), 

and only increased when co-administered with nitric oxide. However, the effect of nitric 

oxide alone was not reported, hence synergy cannot be concluded. Endogenous 

serum concentrations of formaldehyde in Aldh2-/- mice, is only ~9µM (Dingler et al., 

2020), while the actual amount of aldehyde production by MPO metabolism in vivo, is 

unknown. Furthermore, the reduction in colony forming units of bacteria in Aldh2-/- 

mice was very mild, and there was no comment on the overall survival of the mice, 

hence there is little to support Adlh2-/- conferring meaningful resistance to infection.  

 

It is worth considering that in producing an aldehyde burst significant enough to directly 

kill pathogens, this may also contribute to significant cell death in an ALDH2 deficient 

host. Similarly, significant endogenous modifications of host proteins induced during 

such a burst may prompt auto-immune responses against (Theofilopoulos et al., 2017) 

(although association between ALDH2*2 and auto-immune disorders has not been 

reported in GWAS studies of East-Asian, including studies of Grave’s disease 

(Nakabayashi et al., 2011), or lupus (Han et al., 2009; Yin et al., 2021)). Therefore, 

while immune protection supports the clearance invading pathogens, it may come at 

a significant trade off to the host. Indeed, a recent publication by Sun et al., 2024, 

described loss of ALDH1B1 in mice, a mitochondrial dehydrogenase with 75% 

homology to ALDH2, and with significant capacity to detoxify formaldehyde and 

acetaldehyde (Stagos et al., 2010), to worsen symptoms of acute influenza A viral 

infection, arguing against a protective effect of aldehydes in the immune system. 
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Future work would benefit from extended study of Aldh2-/- mice to infection challenge 

to appreciate whether the hypothesised mechanisms of disease protection indeed 

carry significant trade-offs in host tolerance. It would also be interesting to use 

Biobanked samples from human ALDH2*2 carriers to directly assess whether they 

have mechanistic differences in their ability to respond to different infections, and in 

their disease tolerance, thus understanding whether ALDH2*2 does indeed promote 

resistance independently of alcohol consumption, or if this is too expensive.  

 

Finally, an intriguing association between ALDH2*2 and reduced incidence of 

tuberculosis has been described in a cohort of Korean men (Park et al., 2014). 

Unfortunately, the authors did not investigate whether this was separable from the 

strongest effect of ALDH2*2 in reducing alcohol consumption, known to worsen 

tuberculosis (as well as other infectious diseases) (Barr et al., 2016; Imtiaz et al., 

2017). Such associations have also not been reported in other GWAS studies of 

tuberculosis risk in China (where ALDH2*2 is common) (Chang et al., 2024; Zheng et 

al., 2018). Nevertheless, while I have assumed that effects on drinking behaviour will 

not affect the reproductive population by conferring risk to the young individual, the 

ability of alcohol abstinence to protect against infectious diseases such as 

tuberculosis, and others (e.g. HBV, particularly prevalent in East Asia (Lin & Cheng, 

2002)), may support the success of the parental population, thus improving 

reproductive success, and may indeed still be significant.  

 

4.3.3 Study limitations 
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Substantial variation in the immune response was observed across treatment groups, 

especially in treatments with adjuvants, and long-term HA administration, and in the 

work with acOVA, which reflects a need for larger N-numbers to increase statistical 

power. Furthermore, titre determination by ELISA was performed based on 4-fold 

serial dilutions (see methods), which may have been too steep a gradient to provide 

the resolution required to observe more subtle effects between treatments, and 

contributed to the variability (see figure Figure 4.5d-e). This becomes more apparent 

upon estimations of high antibody titres, where resolution is decreased. Finally, given 

the absence of Aldh2-/- effects against HEL, BSA and HA, the immunisation schedule 

with OVA should be reproduced, accounting for the effects of facility variation (OVA 

experiments performed by F.Dingler in Cambridge, I performed my experiments in 

Oxford) and genetic backcrossing of the Aldh2tm1a strain (important to remove 

acquisition of confounding genetic variants that may introduce problems) (Keane et 

al., 2011). 

 

4.3.4 Conclusion  
 

The work herein suggests that ALDH2-deficiency can influence the adaptive immune 

response in an antigen specific manner, in the absence of exogenous alcohol 

consumption, giving strength to the argument that ALDH2*2 individuals may present 

an immune advantage in certain contexts. The phenomenal complexity of the immune 

system makes it difficult to dissect where exactly this may arise, however, this study 

argues against the role of acetaldehyde modifications that may be encountered in vivo 

in ALDH2*2 carriers (and indeed, ADH1B*2 carriers), as contributing. To support the 

direct modification hypothesis, future work may focus on characterising how aldehyde 
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modification affects the affinity of known epitopes, and whether these higher affinity 

interactions are observed in antibodies derived from Aldh2-/- mice. Other work may 

take advantage of the growing abundance of population data, such as in the 

UKBiobank, Japanese BioBank and Kadoorie biobank, to more specifically explore 

the relationship between ALDH2*2 incidence and disease protection. 
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Chapter 5 
 
 
The role of systemic formaldehyde 
on haematopoietic ageing and 
tissue homeostasis 
 

5.1 Introduction 
 

DNA damage accumulates in the blood with age (Beerman et al., 2014), but 

understanding the functional consequences of this in driving haematopoietic ageing is 

complicated to study, as it is hard to decouple DNA damage from other pleiotropic 

contributors of the ageing process. Much of our understanding of DNA damage as a 

driver of haematopoietic decline comes from analysis of genetic models where DNA 

repair is deficient (Rossi et al., 2007), or damage is induced by chemical or radiation 

treatment (Pilzecker et al., 2017; Yu et al., 2016), which are not representative of 

normal ageing. Furthermore, HSCs in mice are known to accumulate mutations at a 

slower rate than in humans, suggesting mice may be protected from DNA damage, 

supporting the maintenance of a healthy, polyclonal blood population into the end of 

life (Kapadia et al., 2025). 

 

Analysis of two-tier deficient mice (Aldh2-/-Fancd2-/- and Adh5-/-Fancd2-/-) have 

demonstrated how endogenously produced formaldehyde is a significant driver of 
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endogenous DNA damage in ageing, and can drive characteristic features of 

haematopoietic ageing, such as anaemia, myeloid-bias, transcriptional ageing score, 

and functional decline (Langevin et al., 2011; Garaycoechea et al., 2012; Pontel et al., 

2015; Garaycoechea et al., 2018; Wang et al., 2020). However, as these models lack 

functional DNA repair, they are not applicable to study physiological ageing.  

 

The Aldh2-/-Adh5-/- model also demonstrates hallmarks of aged haematopoiesis, with 

clear indication that this is rooted in DNA damage (increased micronuclei, sister 

chromatid exchanges and mutation accumulation) (Dingler et al., 2020; Oka et al., 

2020). These functional changes coincide with the onset of clonal haematopoiesis, 

suggesting that formaldehyde is an important agent of selection in the haematopoietic 

compartment. This mouse therefore has potential as a model of physiological ageing 

driven by an endogenous metabolite in the presence of functional effector signalling 

and DNA repair (tier-2) (Dingler et al., 2020; Oka et al., 2020). However, this model is 

limited as most mice die within the peri-natal window, and survivors develop stochastic 

multi-morbidities (e.g. lymphoma and hepatocellular carcinoma present in the same 

mice (Dingler et al., 2020; N.Oberbeck’s Thesis, Cambridge)). The early origins of 

clonal emergence, suggests that extreme selection happens early in the life of these 

mice, and the resulting mice are mosaics adapted to tolerate a high formaldehyde 

burden. Therefore, it is hard to study formaldehyde-driven haematopoietic ageing in 

these mice as a gradual, time-dependent process. 

 

Extending from this, aged blood is associated with the decline of other tissues, such 

as secreting proteins that drive inflammation and senescence (Yousefzadeh et al., 

2021; Wong et al, 2023). Haematopoietic capacity for formaldehyde detoxification also 
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has significant consequence on ageing of peripheral tissues, as shown by H.Russell, 

when reinstating formaldehyde detoxification specifically in the blood of Adh5-/-Csb-/- 

mice, suppressed formaldehyde driven disorders in the brain and kidney through 

reducing the formaldehyde load in these tissues (H.Russell’s Thesis, Oxford). In the 

inverse situation, we may expect formaldehyde produced, or not cleared, from the 

blood to increase the load in other tissues, thus driving pathology. However, whether 

the effect of the blood on other tissues is related its role in regulating the systemic 

formaldehyde load, or due to its own intrinsic ageing, is unclear. Resolving this 

distinction is key to understanding disease progression of formaldehyde-related 

disorders and guiding therapeutic strategies. 

 

In this chapter, I use an Vav1iCre inducible system to genetically remove ALDH2 

specifically in the blood of globally ADH5-deficient mice. This is designed to uncouple 

the wider pathological phenotypes observed in Aldh2-/-Adh5-/- mice, from the 

phenotypes of ageing found in the blood, allowing the impact of formaldehyde in 

driving ageing specifically in the blood, to be studied. I also use this model to ask what 

role the blood plays in controlling the formaldehyde load in wider tissues, and whether 

the blood contributes significantly to their functional decline. 

 

5.2 Results 
 

5.2.1 Peripheral ALDH2 is sufficient to suppress the severe 
phenotype of Aldh2-/-Adh5-/- mice 
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To restrict the formaldehyde detoxification deficiency of the constitutive Aldh2-/-Adh5-

/- mouse to the blood, I utilised the tm1c-allele of Aldh2 (Aldh2c) (Skarnes et al., 2011), 

where the critical exon 4 of Aldh2 is flanked by loxP sites in intronic regions, which 

results in a functional tm1c-allele that can be converted to a null allele (Aldh2-) by Cre-

mediated recombination (Figure 5.1a). I crossed males carrying Aldh2c with females 

hemizygous for Vav1-iCre (homozygosity of Vav1-iCre is embryonic lethal (Joseph et 

al., 2013)), therefore all Vav1-iCre carrying mice are hemizygous (Vav1iCre+). Deletion 

of Aldh2c upon Vav1-iCre expression is complete (Figure 5.1b-d) and I observed no 

instance of emergence of non-deleted clones in ageing blood populations (Figure 

5.1e).  

 

Figure 5.1 Construction and validation of Aldh2c/-Adh5-/-Vav1iCre+ model 
(a) In the Aldh2(tm1c) (Aldh2c) allele, the critical exon 4 is flanked by 2 loxP sites that 
undergo recombination in the presence of Cre, removing Exon 4 and one loxP site, 
preventing recombination, producing Aldh2(tm1d) (Aldh2-). Cre expression is driven 
by the published Vav1-iCre allele, which is active in haematopoietic lineages from 
~E11, producing Aldh2- specifically in the haematopoietic system. Presence of 
recombined alleles can be detected by multiplex-PCR, with Aldh2c detected by the 
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black+green primer pair, giving a 368bp product, and Aldh2- black+purple primer pair 
giving a 324bp product. WT Aldh2 can be detected by black+grey primer pair, giving 
a 21bp product (WT allele does not contain loxP site). (b) Representative multiplex 
PCR gel for genotyping Aldh2 allele on gDNA from peripheral blood samples of adult 
mice. Arrows highlight bands corresponding to alleles present. (c) Quantification of 
efficiency of Aldh2c deletion, performed by Juan Garayacoechea. (d) Western blot for 
ALDH2 protein presence in whole bone marrow (performed by Fred Langevin), liver 
and kidney. Loading controls are b-actin (bone marrow) or vinculin (liver, kidney). (e) 
Representative multiplex PCR gel for genotyping Aldh2 allele against gDNA from brain 
(B) sorted granulocytes (G) from 1 year old mice. 
 
 
These mice are bred in a tier-1 proficient background with at least one copy of either 

ALDH2 or ADH5. Haploinsufficiency has not been reported for Aldh2 or Adh5 in the 

context of tier-2 proficiency, with a single copy of Aldh2+ or Adh5+ sufficient to 

compensate for Adh5-/- or Aldh2-/- respectively (N.Oberbeck’s Thesis, Chapter 6 

(6.3.2); Dingler et al., 2020). This resulted in the mouse model, Aldh2c/-Adh5-/-

Vav1iCre+, which is tier-1 proficient in the body (Aldh2+/-Adh5-/-, functionally Adh5-/-) but 

deficient in the haematopoietic tissues (Aldh2-/-Adh5-/-). Aldh2c/-Adh5-/-Vav1iCre+ mice 

were completely protected from the profound perinatal lethality observed in Aldh2-/-

Adh5-/- animals (Figure 5.2a-c), and there have been no naturally occurring deaths or 

instances of morbidity so far from mice kept up to 1 year, in stark contrast to Aldh2-/-

Adh5-/- mice (Dingler et al., 2020).  
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Figure 5.2 Aldh2c/-Adh5-/-Vav1iCre+ have suppressed the perinatal lethality and 
severe growth defect of Aldh2-/-Adh5-/- mice 
(a) Explanation of genotyping classification of mice used in this study – Adh5-/- mice 
are grouped based on presence of at least one functional ALDH2 allele globally, while 
ADH5 deficient globally. In Aldh2-/-Adh5-/- mice are deficient in ADH5 and ALDH2 
globally. In Aldh2c/- Adh5-/- Vav1iCre+, ALDH2 deletion is restricted to the blood and 
peripheral tissues contain one copy of functional ALDH2. (b) Observed and expected 
frequencies of all pups from breeding combinations (displayed above), genotyped at 
3 weeks age. Aldh2c/- Adh5-/- Vav1iCre+ genotype is highlighted in purple, P values 
calculated from Fisher’s test with 95% confidence interval. (c) Kaplan-Meier survival 
plot demonstrating survival of Aldh2c/- Adh5-/- Vav1iCre+ mice in this study (n = 40) 
overlaid with survival data for Aldh2-/-, Adh5-/-, and Aldh2-/- Adh5-/- mice (n = 166, 89, 
67 respectively), published in Dingler et al., 2020. Each point represents death of 
individual mouse, experimental mice are included and taken down for experiments as 
censored events. (d) Total body mass of male mice as mean ± SEM over time (left, n 
at start = 14, 15, 17, 16) and at 12 weeks age (right, n = 14, 15, 14, 16). (e)  Total body 
mass of female mice as mean ± SEM over time (left, n at start = 6, 8, 19, 8) and at 12 
weeks age (right, n = 6, 4, 12, 8). p-values determined by ANOVA with Tukey’s post 
hoc test (d-e, right) where significance P<0.05.  
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Male Aldh2+/-Adh5-/- mice are significantly smaller than WT mice (consistent with the 

understood Adh5-/- phenotype), male Aldh2c/-Adh5-/-Vav1iCre+ were significantly 

smaller than male Aldh2+/-Adh5-/- mice, and Aldh2-/-Adh5-/- was significantly smaller 

than all genotypes (Figure 5.2d-e). The difference between Aldh2+/-Adh5-/- and Aldh2c/-

Adh5-/-Vav1iCre+ mice was sexually dimorphic at 12 weeks (not observed at this age in 

females, although a difference appears to emerge with age; consistent with previous 

reports of sexual dimorphism in other Adh5-/- models (Mulderrig et al., 2021; 

C.Millington, manuscript in preparation)), but there was no significant difference 

between male and female Aldh2-/-Adh5-/- mice (sex difference within each genotype 

determined by t-test, p>0.005, in  Aldh2-/- Adh5-/- p=0.06).  

 

These results mean the expression of ALDH2 in the peripheral tissues is sufficient to 

confer protection to the body from the systemic formaldehyde load, while the weight 

phenotype suggests formaldehyde stress is still conferred by increased endogenous 

production. 

 

5.2.2 Aldh2c/-Adh5-/-Vav1iCre+ mice have a high formaldehyde burden 
in peripheral tissues 
 

To understand how Aldh2c/-Adh5-/-Vav1iCre+ mice are protected from the profound peri-

natal lethality, I quantified the formaldehyde burden to peripheral tissues. I did this 

through measuring the level of reduced N2-HOMe-dG (N2-Me-dG) adducts on DNA, 

by LC-MS, a biomarker of formaldehyde exposure (Lu et al., 2010), in different mouse 

tissues (Figure 5.3). The mean burden of adducts in the bone marrow of male mice 

was significantly higher in Aldh2c/-Adh5-/-Vav1iCre+ mice than in Aldh2+/-Adh5-/- mice, 
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consistent with the higher formaldehyde burden in the absence of tier 1 in 

haematopoietic tissues (also observed in Dingler et al., 2020). The number of bone 

marrow samples in female Aldh2c/-Adh5-/-Vav1iCre+, or male and female Aldh2-/-Adh5-/- 

mice, was too low to perform statistical analysis. However, in the spleen, there was a 

clear increase in adduct level of these groups compared to Adh5-/-, while being 

genetically equivalent to each other. Therefore, the haematopoietic formaldehyde 

burden across these mice is increased. 

 

Strikingly, despite the peripheral organs all retaining ALDH2, the adduct levels in 

kidney and liver of male Aldh2c/-Adh5-/-Vav1iCre+ mice was similar to that in Aldh2-/-

Adh5-/- animals, while that in the brain was intermediate between the Adh5-/- and 

Aldh2-/-Adh5-/-. Furthermore, there was sexual dimorphism in the adduct level in the 

kidney and liver of Aldh2c/-Adh5-/-Vav1iCre+ mice that was not observed in Aldh2-/-Adh5-

/-, also consistent with the weight phenotype, suggesting that males are under a 

greater formaldehyde burden than females. As these sexually dimorphic effects in the 

brain, liver and kidney are not also observed in the spleen (haematopoietic tissue), it 

suggests that the sexual dimorphism stems from ALDH2 regulation intrinsic to that 

tissue. Overall, more adducts were observed in the peripheral tissues than in the 

haematopoietic tissues, which may reflect different tissue dynamics (more cycling in 

the bone marrow/spleen) reducing the rate at which adducts accumulate. 

 

These results suggest that tier-1 protection in peripheral tissues by ALDH2, does not 

operate by directly decreasing the formaldehyde load on DNA in peripheral tissues, 

and emphasises the blood as an essential route of systemic detoxification.  
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Figure 5.3 Quantification of N2-Me-dG adducts in tissues at 8-12 weeks 
Quantification of adducts in bone marrow, brain, spleen, liver and kidney in 8-12 week-
old mice. Data represent mean±SEM, male n = 7, 7, 3, 9; female n = 0, 7, 6, 5. Data 
points on graph represent individual mice, analysis performed by two-way ANOVA 
with Tukey’s post hoc test, significance where P<0.05 (one-way ANOVA with Tukey’s 
post hoc performed on male WT, Adh5-/-,  Aldh2-/-Adh5-/- bone marrow samples only). 
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5.2.3 High formaldehyde burden in tissues does not correlate with 
tissue damage 
 

Intrigued by the observation that Aldh2c/-Adh5-/-Vav1iCre+ and Aldh2-/-Adh5-/- mice 

shared similarly high formaldehyde burden in peripheral organs, but diverged 

markedly in their survival at 8-12 weeks, I asked whether this correlated with markers 

of genotoxic and organ stress in these tissues. 

 

Nuclear polyploidisation in the liver occurs in response to genotoxic stress, and is 

observed in two-tier deficient Adh5-/-Fancd2-/- mice, correlating with a high adduct 

burden in Adh5-/- mice (Pontel et al., 2015). Interestingly, there was no indication of 

increased nuclear polyploidisation in Aldh2c/-Adh5-/-Vav1iCre+ or Aldh2-/-Adh5-/- mice 

over controls, despite their significant formaldehyde burden (Figure 5.4). 
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Figure 5.4 Liver ploidy analysis 
Representative flow cytometry gating of purified nuclei extracted from livers (6-12 
weeks old) and quantification for chromatin content by PI staining (left) quantification 
results (right). 8n was the largest detected. Bars represent mean±SD, males n = 6, 2, 
5, 8; females n = 4, 4, 8, 5. p values measured by ANOVA with Tukey’s post-hoc test, 
significance where P < 0.05 (Aldh2+/-Adh5-/- were excluded from statistical comparison 
in males due to low n). 
 
Turning to biochemical markers, circulating GDF-15 is a generalised marker of stress 

(Lockhart et al., 2020; Wang et al., 2021) and is inducible by formaldehyde stress, 

contributing to the anorexic phenotype observed in Adh5-/-Csb-/- mice (Mulderrig et al., 

2021). Circulating GDF-15 was significantly higher in Aldh2-/-Adh5-/- mice (consistent 

with their failure to gain weight), while Aldh2c/-Adh5-/-Vav1iCre+ mice were 

indistinguishable from WT, suggesting Aldh2c/-Adh5-/-Vav1iCre+ mice are not 

experiencing the same chronic stress observed in Aldh2-/-Adh5-/-. Consistent with this, 

Aldh2c/-Adh5-/-Vav1iCre+ mice were indistinguishable from WT across markers of kidney 

function (assessed by presence of waste products, creatinine and urea, filtered by 

kidney), liver damage (asparate aminotransferase (AST) and alanine transaminase 

(ALT)), or liver function (Albumin synthesis, bilirubin) (Figure 5.5). By contrast, Aldh2-

/-Adh5-/- males showed signs of kidney dysfunction with significantly elevated urea 

(although only in males), as well as liver stress with significantly elevated ALT, 
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elevated AST and decreased albumin synthesis, although the variance was high 

across these. At 1 year, these markers in Aldh2-/-Adh5-/- males significantly increased, 

indicative of liver and kidney dysfunction. By contrast, at 1 year, Aldh2c/-Adh5-/-

Vav1iCre+ mice still had lower levels of circulating GDF-15 and no sign of increased 

kidney or liver damage, but did have significantly elevated GDF-15 compared to 

Aldh2+/-Adh5-/-mice, indicative of elevated chronic stress to tissues (Figure 5.6). 

Ageing data for females followed a similar trend but is confounded by low number of 

mice in each group. 
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Figure 5.5 Serum measurement of GDF-15 and tissue damage markers at 8-12 
weeks 
(a-c) Serum concentration from terminal bleeds of 8-12-week males (except Aldh2-/- 
Adh5-/- which are terminal samples from 4-27 weeks) of circulating GDF-15 (a), kidney 
function markers, creatinine and urea (b), liver damage markers, ALT and AST, and 
function markers, albumin and bilirubin (c). (d-f) Serum concentrations in 8-12-week 
females (except Aldh2-/- Adh5-/-, which are all terminal samples from 5-26 weeks, 1 
mice 33 weeks) of GDF-15 (d), kidney function (e) and liver damage and function (f). 
Bars represent media ± inter-quartile range, males n = 10, 11, 6, 12; females n = 4, 
11, 6. Data points indicate individual mice, p values measured by ANOVA with Tukey’s 
post-hoc test, significance marked where P < 0.05. 
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Figure 5.6 Serum measurement of GDF-15 and tissue damage markers at 1 year 
Serum concentration from terminal bleeds of 1-year-old males (a-c) and females (d-f) 
of circulating GDF-15 (a males, d females), kidney function markers, creatinine and 
urea (b males, d females), liver damage and function markers (c males, f females). 
Bars represent media ± inter-quartile range, males n = 2, 6, 3, 4; females n = 3, 1, 3, 
2. Data points indicate individual mice, p values measured by ANOVA with Tukey’s 
post-hoc test where ns > 0.05 (not performed on females). 
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The absence of correlation between adduct burden in kidney and liver in both Aldh2c/-

Adh5-/-Vav1iCre+ and Aldh2-/-Adh5-/- mice, and liver nuclear polyploidisation or 

significant stress, contrast with phenotypes of liver and kidney organ failure observed 

in Adh5-/-Fancd2-/- and Adh5-/-Csb-/- mice (Pontel et al., 2015; Mulderrig et al., 2021). 

This suggests that the mechanism by which formaldehyde is driving tissue pathology 

in presence of intact DNA repair machinery, is not through over-whelming tier-2 

protection.  

 

5.2.4 Aldh2c/-Adh5-/-Vav1iCre+ mice exhibit normal haematopoiesis at 8-12 weeks 

 

Aldh2-/-Adh5-/- mice develop anaemia, with a decline in all stem and progenitor 

populations and myeloid bias, and exhibit a thymic defect (loss of cellularity and 

maturation) in young animals. As Aldh2c/-Adh5-/-Vav1iCre+/- mice are genetically 

equivalent in their haematopoietic tissues and experience a high formaldehyde 

burden, I asked whether this correlated to the same perturbations of haematopoiesis. 

 

Figure 5.7 details the immunophenotypic markers used to identify different 

haematopoietic populations across this study and their relationship to each other in 

the haematopoietic hierarchy. These markers are consistent with Dingler et al. (2020), 

allowing phenotypic comparison with Aldh2-/-Adh5-/- mice, but I also included 

examination of MPP sub-populations (Pietra et al., 2015; Rodriquez-Fraticelli et al., 

2018). 
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Figure 5.7 Haematopoietic tree with immunohistochemical markers used to identify 
cell populations within the different blood compartments, adapted from Juan 
Garaycoechea’s Thesis, Cambridge. 
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I did not observe any difference in the abundance of immunophenotypic 

haematopoietic stem and progenitor (Figure 5.8), or maturing lineages in the bone 

marrow (Figure 5.9a-c), thymus (Figure 5.9g), or mature populations in the peripheral 

blood (Figure 5.9d-f, 5.9h), in male Aldh2c/-Adh5-/-Vav1iCre+/- mice against control mice. 

This was also the case in females (Supplementary Figures 5.1, 5.2). Aldh2c/-Adh5-/-

Vav1iCre+ mice did present a reduced red blood cell count, and increased mean 

corpuscular volume, suggestive of macrocytosis and cell death (Figure 5.10). A small 

increase in MCV was also observed in females. Overall, there appears to be a 

suppression of the quantitative decline in HSC numbers observed in Aldh2-/-Adh5-/-, 

which may reflect cell-extrinsic protection conferred by ALDH2 in peripheral tissues. 
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Figure 5.8 Haematopoietic stem cell, multipotent progenitor and committed 
progenitor quantification in bone marrow in 8-12 week-old males. 
(a) Flow cytometry gating strategy used to identify LT-HSCs, ST-HSCs, MPPs, LKS, 
CLPs, GMPs, CMPs and MEPs from Lineage- whole bone marrow (b) Quantification 
of respective populations in 8-12-week male old mice, as a proportion of total number 
of Lineage- cells sampled. Bars represent mean ± SEM, data represent individual 
mice, n = 6, 4, 9, p values determined by Dunn’s test, significance marked where P < 
0.05. 
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Figure 5.9 Maturing blood populations in 8-12 week-old males 
(a-c) Representative flow cytometry gating (left) and quantification of maturing 
lineages (right) in the whole bone marrow, for erythroid (a) myeloid (b) and B-cell (c) 
development. (d-f) Quantification of terminal blood populations in peripheral blood 
erythroid (d) myeloid (e) and B-cell (f). (g) Representative flow cytometry gating (left) 
and quantification of developing Lineage- CD45+CD4-CD8- (DN) thymocytes (middle) 
and quantification of populations in each maturation stage, defined by CD25 and CD44 
staining (right). (h) Quantification of T cell populations (Ter119- B220- Gr1- CD3e+) in 
peripheral blood. All data representing mean ± SD, points represent individual mice, n 
= 6, 5, 9, p values determined by Dunn’s test, significance marked where P < 0.05. 
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Figure 5.10 Complete blood count and parameters in 8-12 week-old mice 
Measured parameters of peripheral blood in at 8-12-week mice (Males: n = 13, 17, 17; 
Females: n=8,5,7 respectively). Data are mean ± SEM, each dot represents individual 
mice, p values measured by ANOVA with Tukey’s post-hoc test, significance marked 
where P < 0.05 
  

5.2.5 Aldh2c/-Adh5-/-Vav1iCre+ mice present elevated genomic 
instability in the blood 
 

I then determined whether the recovery of haematopoiesis was related to protection 

against genotoxic stress induced by formaldehyde. I assessed this by quantifying the 

presence of micronuclei in red blood cells, a product of double stranded breaks 

incurred during red blood cell development (O’Connell et al., 2015).  Aldh2c/-Adh5-/-

Vav1iCre+ were at an intermediate level between Aldh2-/-Adh5-/- and controls. Again, 

there was significant sexual dimorphism in the Aldh2c/-Adh5-/-Vav1iCre+ mice, not 

present in Aldh2-/-Adh5-/- (Fig 5.11a). I next quantified the number of sister chromatid 

exchange events (SCEs) present in whole bone marrow, an indicator of active DNA 
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Vav1iCre+ mice. Here, I observed a 1.7-fold increase in the number of SCE events in 

Aldh2c/-Adh5-/-Vav1iCre+ over Aldh2+/-Adh5-/- (Figure 5.11b), which is lower than the >2-

fold increase seen in Aldh2-/-Adh5-/- (Dingler et al., 2020).  

 

Figure 5.12 Markers of genomic instability in 8-12 week-old mice 
(a) Micronucleus assay. Representative flow cytometric gating strategy of 
micronucleus assay (left) and quantification (right) of samples from peripheral blood 
of 8-12-week old mice. Red blood cells are differentiated from reticulocytes by 
absence of CD71 expression, micronuclei determined by presence of PI staining. Male 
n = 5, 2, 5, 8 female n = 4, 2, 11, 5. Bars represent mean ± SD, p values measured by 
two-way ANOVA with Tukey’s post-hoc test, significance marked where P < 0.05 
(female Aldh2+/-Adh5+/- and Aldh2+/-Adh5-/- were excluded from statistical comparison 
due to low n). (b) Sister chromatid exchange assay. (Left) Representative images of 
low SCE (top) and high SCE (bottom) metaphase spreads, with SCE events 
highlighted in by red arrowheads. (Right) Quantification of SCE events from 3 
individual mice of each genotype, data points represent number of SCEs in an 
individual metaphase spread. n = 89, 121. Comparison of genotype effect by t-test. 
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These results highlight that there are active processes of DNA damage and repair in 

the blood of the Aldh2c/-Adh5-/-Vav1iCre+ mice at 8-12 weeks, but less than is observed 

in Aldh2-/-Adh5-/- mice, suggesting that the level of DNA damage experienced in the 

blood of Aldh2c/-Adh5-/-Vav1iCre+ mice was below a threshold needed to drive the 

haematopoietic phenotype observed in Aldh2-/-Adh5-/-. 

 

5.2.6 HSCs from Aldh2c/-Adh5-/-Vav1iCre+ mice retain their 
proliferative capacity ex vivo 
 

While the genotoxic stress determined by Mn and SCE assays, allow us to appreciate elevated 

DNA damage in the blood compartment, they do not tell us if this has functional consequence 

to the immunophenotypic HSC population. Accumulating DNA damage significantly reduces 

the ability of HSCs to respond to proliferative challenge, with replication machinery now 

detecting DNA damage and upregulating checkpoint regulators (Flach et al., 2014; Walter et 

al., 2015). I therefore asked whether elevated endogenous formaldehyde stress decreased 

the ability of LT-HSCs to respond to proliferative challenge. To do this, I used an ex vivo PVA-

based culture method, that uses proliferative cytokines TPO and SCF, to drive proliferation of 

sorted HSCs (Wilkinson et al., 2019). 

 

First, I measured the proliferation of LT-HSCs that had been sorted at a density of 50 cells per 

well over a 1-month period. WT, Aldh2-/- and Adh5-/- grew at the same rate over 28 days, 

consistent with their absence of in vivo haematopoietic phenotype (Figure 5.14a-c). 

Conversely, Aldh2-/-Adh5-/- cultures could not expand over the 28-day period. Interestingly, 

Aldh2c/-Adh5-/-Vav1iCre+cultures, were indistinguishable in their proliferative capacity to the 

controls. This difference is important as Aldh2-/-Adh5-/- and Aldh2c/-Adh5-/-Vav1iCre+ cultures are 

genetically equivalent ex vivo, indicating that formaldehyde produced or encountered ex vivo 
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cannot account for the proliferative defect induced by tier-1 deficiency, hence the difference 

must arise in differences in their epigenetic states in vivo. To rule out confounding effects of 

incomplete deletion of the conditional allele, I confirmed the absence of contaminating non-

deleted Aldh2c containing cells by PCR (Figure 5.14d). 

 

In this experiment, I noticed an auto-fluorescent signal in the APC channel, normally used to 

stain CD201 present in LT-HSCs (Figure 5.15a). I, therefore, designed an alternative flow 

cytometry antibody panel that did not use the APC fluorophore, to quantify proliferation of the 

LT-HSC population of all genotypes from cKit+ cultures. This revealed that the proliferative 

defect in Aldh2-/-Adh5-/- emerged as a failure of LT-HSC proliferation ex vivo (Figure 5.15b-c). 

However, in one of two Aldh2-/-Adh5-/- cultures, expansion began to emerge by d28, which 

may highlight the heterogeneity of HSC state in vivo and suggests the action of clonal selection 

in the ex vivo culture. 

 

I was also interested to see if HSCs from the different genotypes were different in their 

competitive capacity, as has been observed upon transplantation (Pontel et al., 2015; Dingler 

et al., 2020). I set up a competitive proliferation assay of CD45.2+ WT, Aldh2-/-, Adh5-/- and 

Aldh2-/-Adh5-/- cells against CD45.1+ WT sorted LT-HSCs ex vivo, and found that while Aldh2-

/- did not have a proliferative disadvantage, Adh5-/- cells were subcompetitive from d14, and 

Aldh2-/-Adh5-/- cells are immediately disadvantaged from d7 (Figure 5.14e). This data reflects 

the sub-competitive nature of Adh5-/- and Aldh2-/-Adh5-/- HSCs observed upon transplantation 

(Pontel et al., 2015; Dingler et al., 2020), indicating selection is operating in vivo, accelerated 

by proliferative induction.  
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Figure 5.14 Ex vivo proliferative potential of sorted LT-HSCs 
(a) Schematic of sorting procedure of HSCs used in this experiment, 50 LT-HSCs 
(LKS-CD34-CD150+CD48-) were sorted from cKit+ enriched whole bone marrow, 
from CD45.1 WT mice, or CD45.2 WT, Aldh2-/-, Adh5-/-, Aldh2-/-Adh5-/- or Aldh2c/-Adh5-

/-Vav1iCre+ mice, all mice were 8-12 weeks old. Competitive proliferation assays were 
formed with 50 CD45.1 cells and 50 CD45.2 cells in each well, standard assays only 
with 50 CD45.2 cells, assayed every 7 days. (b) Representative flow cytometry gating 
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of LKS cells in Lineage- population in standard proliferation assay, numbers 
representing percentage of parent population. (c) Quantification of mean number of 
Lineage- cells, and LKS+ cells in each culture, initial n = 8, 1, 5, 3, 6. (d) 
Representative multiplex-PCR on gDNA of d28 ex vivo cultures to verify absence of 
contaminating Aldh2c allele in Aldh2c/-Adh5-/-Vav1iCre+ cultures, internal reference for Aldh2c 
provided by liver PCR, bands are paired according to mice, L – Liver, C – culture. (e) 
Representative flow cytometry gating of the proportion of CD45.1 and CD45.2 LKS+ 
cells (left) and quantification of mean proportion of CD45.2 LKS+, n = 2, 2, 2, 3. All 
cultures were formed with 3-5 technical replicates; data points represent mean of 
biological replicates ± SD. *p<0.05.  Note that not all biological replicates are 
completed to d28, indicated in key. 
 

 
Figure 5.15 – APC autofluorescence and cKit+ enriched ex vivo cultures 
(a) Representative gating of CD201:APC FMOs for ex vivo WT and Aldh2c/-Adh5-/-

Vav1iCre+ cultures demonstrating background autofluorescence in APC flow channel. 
(b) Representative flow cytometry gating of LT-HSCs from LKS population of cKit+ 
cultures using CD201:PE channel (Panel B, table 3). (c) Proliferation of cKit+ enriched 
cultures (100,000 cells per well) over 28 days, each line represents culture from an 
individual mouse, points represent mean ± SEM across 5 technical replicates. 
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These ex vivo experiments highlight that Aldh2c/-Adh5-/-Vav1iCre+ and Aldh2-/-Adh5-/- 

LT-HSCs exist in different epigenetic state in vivo, which may relate to the reduced 

DNA damage burden encountered through life, as conferred by peripheral ALDH2. It 

also highlights the endogenous formaldehyde burden may be a key driver of selection 

by increasing replicative stress, which may influence the structure of aged 

haematopoietic populations. 

 

5.2.7 1 year old Aldh2c/-Adh5-/-Vav1iCre+ mice show signs of 
haematopoietic ageing 
 

As formaldehyde induces genotoxic stress in the Aldh2c/-Adh5-/-Vav1iCre+ blood, and 

functional decline upon accumulation DNA damage is a hallmark of the 

haematopoietic ageing process, I looked for signs of ageing in the haematopoietic 

compartment of Aldh2c/-Adh5-/-Vav1iCre+ mice at 1 year old. 

 

Aged Aldh2c/-Adh5-/-Vav1iCre+ mice presented clearer signs of anaemia, with 

significantly reduced RBC count, haemoglobin, haematocrit, and increased MCV 

(macrocytosis), relative to Adh5-/- controls (Figure 5.16a). This worsening red blood 

cell phenotype is further consistent with increased micronuclei incidence (measured 

again at 6 months) in Aldh2c/-Adh5-/-Vav1iCre+ males, such that they were 

indistinguishable from Aldh2-/-Adh5-/-, reflecting the accumulation of DNA damage in 

the blood with age (Figure 5.16b). This phenotype was continuously sexually 

dimorphic, with female Aldh2c/-Adh5-/-Vav1iCre+ having significantly fewer micronuclei 

than males at 6 months, and do not present markers of anaemia at 1 year (Figure 

5.16). Intriguingly, the platelet counts for both male and female Aldh2c/-Adh5-/-Vav1iCre+ 
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mice decreased, which is in contrast to Aldh2-/-Adh5-/- mice, where this is increased 

(Dingler et al., 2020). 

 

Figure 5.16 Peripheral blood count and parameters and micronucleation in aged 
animals 
 (a) Peripheral blood parameters of male (top - n = 2, 6, 4) and female (bottom – n = 
2, 1, 2) mice at 1 year old. Bars represent mean ± SD, p values measured by Mann-
Whitney U test, significance marked where P < 0.05 (Aldh2+/-Adh5+/- males were not 
included in comparisons, nor were comparisons performed in females due to low 
number of biological replicates). (b) Quantification of micronucleated RBCs in 6 month 
mice (males n = 9, 10, 3, 10; females n = 1, 2, 7, 3). Bars represent mean ± SD, points 
represent individual mice, p values measured by ANOVA with Tukey’s post-hoc test 
where ns > 0.05 (data with n < 3 values were not included). 
 

At 1 year old, the haematopoietic compartment of Aldh2c/-Adh5-/-Vav1iCre+ male mice 

present some interesting changes (Figure 5.17, 5.18). There was an increase in the 

LT-HSC population in both Adh5-/- and Aldh2c/-Adh5-/-Vav1iCre+ against the WT (this 

has been previously reported for Adh5-/- (Pontel et al., 2015)). The ST-HSC/MPP 

population retained its size but there was a striking increase in the MPP1 and MPP2 

populations of Aldh2c/-Adh5-/-Vav1iCre+ compared to Adh5-/-, while MPP3s significantly 

contracted. There was also a significant decline in the primarily lymphoid biased MPP4 

population, coinciding with a significant loss of downstream CLPs in the bone marrow, 

and B cell count in the peripheral blood. All other populations were indistinguishable 
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from Adh5-/-. Despite their lymphoid origins, the thymus and T-cell populations were 

maintained, likely reflecting the long-lived nature of T-cells and limited replacement 

from bone marrow progenitors (Soerens et al., 2023; Sun et al., 2014). Aldh2c/-Adh5-/-

Vav1iCre+ female mice also showed reduction in the MPP4 population, but not in other 

blood populations, potentially reflective of their lesser formaldehyde burden 

(Supplementary Figure 5.3, 5.4). 
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Figure 5.17 Haematopoietic stem cell, multipotent progenitor and committed 
progenitor quantification in bone marrow of 1 year old males 
(a) Representative flow cytometry gating of live LKS+ bone marrow, highlighting gates 
for MPP4 and ST-HSC/MPP populations for Aldh2+/-Adh5-/- and Aldh2c/-Adh5-/-

Vav1iCre+ mice, numbers representing percentage of parent population. (b) 
Quantification of HSC and committed progenitor populations from whole bone marrow 
(as performed in Figure 5.10). n = 2, 6, 4. Bars represent mean ± SD, p values 
measured by Mann-Whitney U test, significance marked where P < 0.05 (excluding 
comparisons to Aldh2+/-Adh5+/-). 
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Figure 5.18 Maturing blood populations in 1-year aged males 
(a-c) quantification of maturing lineages in the bone marrow for erythroid (a) myeloid 
(b) and B-cell (c) development. (d-f) Quantification of terminal blood populations in 
peripheral blood erythroid (d) myeloid (e) and B-cell (f). (g) Quantification of developing 
DN thymocytes (left) and quantification of populations in each maturation stage (right). 
(h) Quantification of T cell populations in peripheral blood. n = 2, 6, 4. Bars represent 
mean ± SD, p values measured by Mann-Whitney U test, significance marked where 
P < 0.05 (excluding Aldh2+/-Adh5+/-). 
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5.2.8 1 year old Aldh2c/-Adh5-/-Vav1iCre+ mice do not have clonal 
blood 
 

With the contraction of the MPP3 compartment producing blood and signs of DNA 

damage within the haematopoietic system of Aldh2c/-Adh5-/-Vav1iCre+ mice, it is likely 

that pressures of selection are operating within the blood of the Aldh2c/-Adh5-/-Vav1iCre+ 

mouse to support HSC/MPPs that can tolerate the intermediate formaldehyde load. 

Next was to determine whether this corresponded to changes in the clonal architecture 

of the blood, using the same method applied in Aldh2-/-Adh5-/- mice (chapter 

introduction). 

 

I performed WGS at 90X sequencing depth on granulocytes sorted from the bone 

marrow of two Aldh2c/-Adh5-/-Vav1iCre+ males at 1 year old, using gDNA extracted from 

the cortex of the same mice, sequenced at 30X depth, to act as a germline reference. 

Identification of variant alleles, and derivation of variant allele frequencies and number 

of single nucleotide variants was performed by M.Gunther, and these were plotted 

against each other (Fig 5.19). In stark contrast to the Aldh2-/-Adh5-/- mice, the 

SNV/VAF curves for the two Aldh2c/-Adh5-/-Vav1iCre+ mice, suggests clonality did not 

emerge. Instead, the blood fits models of neutral drift model of haematopoiesis, lacking 

the distinctive “shoulder” at high VAF would emerge from clonal populations. However, 

there was a high cumulative number of SNVs reported at low VAF compared to WT 

and Adh5-/- controls, which suggests an increased mutation rate within the HSC/MPP 

pool, similar to Aldh2-/-Adh5-/-. This suggests that DNA damage is accumulating in the 

HSC/MPP pool, which may be driving accelerated ageing, but that CH in Aldh2-/-Adh5-

/- mice is driven by an additional pressure present early in life. 
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Figure 5.19 Clonal haematopoiesis is not observed in Aldh2c/-Adh5-/-Vav1iCre+ 
mice at 1 year age 
Cumulative number of SNVs and their frequency as detected by bulk (90x) WGS of 
bone marrow granulocytes from two male Aldh2c/-Adh5-/-Vav1iCre+ mice 
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5.2.9 Formaldehyde exposure in development drives HSC selection 
in Aldh2-/-Adh5-/- mice 
 

HSC/MPPs are expected to have accumulated ~50 SNVs by the time of birth (Kapadia 

et al., 2025). Given that the cumulative number of SNVs at the point of clonal 

emergence in Aldh2-/-Adh5-/- mice is <50 (Figure 5.19), this suggest that formaldehyde 

is shaping the clonal population early in life. I therefore investigated the phenotype of 

Aldh2-/-Adh5-/- HSCs during development.  

 

During foetal haematopoiesis, cells emerging from the primitive endothelium, including 

the dorsal aorta, emerge and migrate to the foetal liver, where they proliferate between 

E12-E16. From E17.5, they begin to migrate to the bone marrow, where they begin to 

expand from birth (Christensen et al., 2004; Ema & Nakauchi, 2000). I first quantified 

the number of reduced N2-Me-dG adducts in E16.5 and E18.5 foetal livers, to 

understand whether there was a significant increase in the formaldehyde burden in 

Aldh2-/-Adh5-/- foetuses (Figure 5.20). At E16.5, there was a subtle increase in the 

adduct level in Aldh2-/-Adh5-/- mice, which was much more substantial by E18.5, also 

observable to a lesser degree in liver of Adh5-/- foetuses. The overall burden is still 

very low compared to the level observed at 8-12 weeks (Figure 5.3), nevertheless, 

there is clearly a large engagement of metabolic clearance of formaldehyde in 

development.  
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Figure 5.20 N2-Me-dG adduct quantification in foetal liver at E16.5 and E18.5 
E16.5 n = 2, 0, 2, 2; E18.5 n = 2, 4, 2, 7. Bars represent mean ± SD 
 

I then quantified the immunophenotypic HSC stem and progenitor populations in the 

foetal liver and bone marrow, at E18.5 (Figures 5.21a, 5.21c), and observed no striking 

difference in frequency of these cell types was observed between genotypes.  

 

To test whether the increased formaldehyde load in development restricted the 

proliferative capacity of HSC, I placed whole foetal liver samples into ex vivo PVA-

cultures (described above) and measured proliferation over 1 month (Figure 5.21b). 

Interestingly, I found Aldh2-/-Adh5-/- HSCs failed to grow, while all other genotypes 

were equivalent, in keeping with the adult situation (Figure 5.14c). I was also interested 

in the ex vivo proliferative function HSCs in the foetal bone marrow. As the 

immunophenotypic HSC population is much rarer, I sorted LKS cells into wells at 25 

cell/well, and quantified growth by measuring the cultured area of each well after 14 

days (Figure 5.21d). Here, I found WT cells were advantaged against all other 

genotypes (consistent with the competitive advantage observed in the adults), and a 

complete failure of Aldh2-/-Adh5-/- HSPCs to establish colonies. However, it is 

important to note that the number of mice used in these experiments is very low (in 

many cases n=1), therefore in need of repetition. 
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These preliminary findings are consistent with those of the adults, suggesting that 

formaldehyde incurred in vivo in Aldh2-/-Adh5-/- is significant to restrict proliferative 

potential, and drive the selection that culminates in clonal dominance early in young 

Aldh2-/-Adh5-/- mice.  
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Figure 5.21 In vivo quantification and Ex vivo proliferative potential of E18.5 
haematopoietic stem cells from foetal haematopoietic tissues 
(a) Quantification of HSPC (LKS) and HSC (LKS-SLAM) populations in foetal liver 
analysed by flow cytometry (lines are mean ± SD). (b) Ex vivo proliferation of cultured 
whole foetal liver (2x105 seeded per well). Lines represent individual foetal cultures, 
points are mean ± SEM of five technical replicates. (c) Quantification of HSPC (LKS) 
and HSC (LKS-SLAM) populations in foetal bone marrow analysed by flow cytometry 
(lines are mean ± SD). (d) Representative gating for sorting 25 LKS foetal bone 
marrow cells per well (left) example of imaging cultures after 14 days by widefield light 
microscopy (middle) quantification of colony growth as area (µm2) for all colonies 
sorted, each point represents an individual colony, lines indicate median ± interquartile 
range (right). n = 1, 1, 2, 2 
 

5.3 Discussion 
 

By restricting ALDH2 deficiency to the blood of Adh5-/- mice, I was able to develop a 

model where the severe formaldehyde toxicity observed in Aldh2-/-Adh5-/- mice was 

suppressed, but the formaldehyde level was sufficient to induce DNA damage in the 

blood and accelerate the ageing process. This model therefore allows us to perform 

closer analysis of the processes that underpin the pathology of chronic formaldehyde 

exposure, extending to mechanisms of tissue damage and blood homeostasis, and 

suggest roles of formaldehyde in driving clonal haematopoiesis. 

 

5.3.1 Chronic formaldehyde exposure drives haematopoietic ageing 
 

Loss of ex vivo proliferative capacity in Aldh2-/-Adh5-/- LT-HSCs in utero, together with 

early signs of haematopoietic ageing (myeloid-bias, higher transcriptional ageing 

score), indicates that their phenotype arises from high systemic formaldehyde 

exposure already incurred during development, leading to long-term epigenetic 

reprogramming and adaptation. This is consistent with Oka et al. (2020), who reported 

HSC defects and myeloid bias in Aldh2-/-Adh5-/- mice already at 3 weeks, and Dingler 
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et al. (2020), who studied mice >4 weeks, confirming the phenotype emerges early 

rather than progressively with age. In contrast, Aldh2c/-Adh5-/-Vav1iCre+ mice only 

display ageing features (e.g. myeloid bias) later in life, making them a more faithful 

model of formaldehyde-driven haematopoietic ageing. Thus, while Aldh2-/-Adh5-/- 

reflects developmental adaptation to high formaldehyde, Aldh2c/-Adh5-/-Vav1iCre+ 

provides a clearer window into how chronic formaldehyde exposure accelerates 

haematopoietic ageing. 

 

Chronic formaldehyde appears to drive macroscopic changes in blood populations in 

manner typical of natural ageing (Rossi et al., 2005). There is a collapse of the MPP4 

population, and downstream CLP and B-cell lineages, normally derived from MPP4 

cells (Patel et al., 2022). This loss of lymphoid progenitors is believed to derive from 

loss of long-lived progenitors (predominantly MPP4s) from early in development, 

which are only marginally replaced by MPPs derived from LT-HSCs in adulthood, with 

these adopting an increasingly myeloid-bias program (Meng et al., 2023; Rodriguez-

Fraticelli et al., 2018). It is also interesting to observe a loss of the MPP3 compartment, 

despite the expansion of the MPP1 population (upstream of MPP3), when relative to 

Adh5-/-. This MPP3 decline is not typically observed in ageing models (Singh et al., 

2025), but reduced rate of renewal has been described in a genetic model where 

tolerance to DNA damage was lost through disabling the ability to undergo TLS, thus 

increasing the burden of DNA damage in the haematopoietic compartment, potentially 

analogous to the Aldh2c/-Adh5-/-Vav1iCre+ model (Pilzecker et al., 2017). In the Aldh2c/-

Adh5-/-Vav1iCre+ mice, formaldehyde exposure may expediate the processes of 

MPP3/MPP4 cell loss by driving apoptosis or differentiation in these populations, while 
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facilitating epigenetic changes in upstream populations to disable replacement as 

output is biased to MPP2s, and future work should look into how exactly this occurs.  

 

Identifying the mechanistic drivers of these changes is complex. DDR signalling is an 

obvious candidate, as markers of DNA damage (micronuclei, SCEs, mutations) are 

increased in Aldh2c/-Adh5-/-Vav1iCre+ and Aldh2-/-Adh5-/- mice, and DNA repair genes 

are upregulated in Aldh2-/-Adh5-/- HSCs (Dingler et al., 2020). The p53 score of Aldh2-

/-Adh5-/- was described to be relatively low (Wang et al., 2023), but chronic low-level 

activation of p53 during a lifetime would support epigenetic changes, such as those 

inducing senescence (Chambers et al., 2007; Rodier et al., 2009). We may also 

consider non-DNA damage dependent mechanisms may be in play, such as 

mitochondrial stress (Sun et al., 2025), suggested to drive myeloid-bias and have 

potential for direct induction by formaldehyde. This may also be a product of 

inflammation, which can be further induced by DNA damage (Harding et al., 2017) 

(although induction of inflammatory cytokines and inflammatory genes was not 

observed in Aldh2-/-Fancd2-/- HSCs (Wang et al., 2023)). Additionally, formaldehyde 

may promote senescence of cells in the niche environment, which supports myeloid 

fate bias (Frisch et al., 2019). As there is basis for formaldehyde to influence each of 

the pleiotropic contributors to ageing, future work would benefit from combined 

scRNA-seq and ATAC-seq experiments, to understand whether formaldehyde drives 

haematopoietic ageing through a generalised process, or more specifically a product 

of DNA damage signalling, thus revealing targets for further study. 

 

The ex vivo culture experiments point towards cell state changes in LT-HSCs as a 

route of this heamatopoietic remodelling. This is seen as Aldh2c/-Adh5-/-Vav1iCre+ and 
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Aldh2-/-Adh5-/- LT-HSCs, have significantly different capacities to proliferate ex vivo, 

despite being genetically equivalent ex vivo. Accumulation of DNA damage within 

quiescent HSCs has been shown to become deleterious upon forced exit from 

quiescence (Beerman et al., 2014; Walter et al., 2015), and the haematopoietic 

compartment of both Aldh2c/-Adh5-/-Vav1iCre+ and Aldh2-/-Adh5-/- mice show signs of 

significant genomic instability. Therefore, we may have expected Aldh2c/-Adh5-/-

Vav1iCre+ HSCs to also fail to proliferate ex vivo when exiting from quiescence, which 

may serve as a model through which attrition of HSCs operates in aged mice. This 

hypothesis has limitations, however; LT-HSCs typically accumulate less DNA damage 

than downstream populations (Beerman et al., 2014; Mohrin et al., 2010), and the 

inferred markers of DNA damage (micronuclei and SCEs) do not survey DNA damage 

specifically in LT-HSCs. Indeed, adduct measurements in the haematopoietic tissues 

may further suggest accumulation of formaldehyde on DNA that could form interstrand 

crosslinks, but these are no higher in Aldh2-/-Adh5-/- mice at the same age (when 

looking at the spleen). Therefore, there is little evidence to support Aldh2-/-Adh5-/- LT-

HSCs in having significantly higher DNA damage accumulated at the same age than 

Aldh2c/-Adh5-/-Vav1iCre+ mice. Another key limitation of this hypothesis is that limited 

proliferation can still be observed in downstream populations (Lin- populations expand 

in Aldh2-/-Adh5-/- cultures until d21), and in cKit-enriched cultures. If driving apoptotic 

signalling, it is unlikely that DNA damage is persisting beyond the first division that 

would facilitate this continued proliferation. Finally, the fact that foetal liver HSCs are 

already in a state of proliferation (Morrison et al., 1995), fail to expand, suggests that 

changes in the cell fate are an epigenetic instruction that may be entrained by the 

DDR, but are not overwhelming it.  
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It is interesting to observe the sub-competitive nature of Adh5-/- LT-HSCs ex vivo, 

which may suggest damage signalling ex vivo operates to drive selection. Indeed, 

recent work by fellow group member, Samual Jones, used a Cre-inducible system to 

delete ERCC1 (hence all capacity for NER) ex vivo in WT and Adh5-/- LT-HSCs, which 

induced complete cell death specifically in Adh5-/- cultures. This suggests that 

formaldehyde is present in ex vivo cultures at a level sufficient to necessitate DNA 

repair. In a competitive situation, this may just be enough to confer a disadvantage 

through activation of the DDR (e.g. p53 activation (Bondar & Medzhitov, 2010)). Based 

on the fact that Adh5-/- are still maintained in competition at 28 days, this suggests that 

these differences are a product of responses early in the culture. Considering this will 

be a period of intense epigenetic change as cells adapt to culture, it may be a point to 

consider the potential of JmjC-domain containing histone demethylases, which 

produce formaldehyde following the oxidative removal of methyl marks, and are known 

to regulate stemness in haematopoietic cells (Kerenyi et al., 2013; Klose et al., 2006; 

Li et al., 2018). Therefore, in an Adh5-/- HSC, formaldehyde produced by these 

proteins may be sufficient to induce a p53 response that confer a disadvantage in 

competitive situations, thus serving as a candidate for an endogenous formaldehyde 

source with functional consequence in haematopoiesis.  

 

5.3.2 Formaldehyde drives clonal haematopoiesis under certain 
conditions 
 

Despite accelerated ageing in the haematopoietic phenotype, there was no sign of 

clonal emergence from the SNV/VAF curves at 1 year in Aldh2c/-Adh5-/-Vav1iCre+ mice, 

in marked contrast to Aldh2-/-Adh5-/-, which appear to develop CH early in life. The fact 
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that an ex vivo defect can be observed in HSCs from Aldh2-/-Adh5-/- foetuses, provides 

key insight into how formaldehyde can shape the clonal architecture of the blood.  

 

During haematopoietic development, HSC/MPPs in the foetal liver begin migrating to 

the bone marrow from ~E17.5, where they undergo significant expansion from the time 

of birth (Hall et al., 2022). This puts HSC/MPPs under two pressures – first, they need 

to be able to migrate and adapt to the bone marrow microenvironment, second, they 

need to resist replication stress. A high burden of systemic formaldehyde in the foetal 

liver niche of Aldh2-/-Adh5-/- foetuses, will induce changes in the cell state (e.g. through 

the DDR inducing epigenetic reprogramming) that precede this window, restricting 

their ability to proliferate. Hence HSC/MPPs that survive will be selected through their 

ability to tolerate the formaldehyde burden. This is similar to the mechanism of 

“pruning selection” described in cases of clonal emergence in humans following 

autologous transplantation (Spencer Chapman et al., 2024). Here, the authors 

describe a model of selection, where clonal diversity was reduced upon autologous 

HSC transplantation, with expansion of clones that present before transplantation 

which were better adapted for survival and expansion in new bone marrow niche. In 

this model, there is frequent presence of clones with driver mutations that support 

positive selection by “growth”. To further support this as a mechanism of action in 

Aldh2-/-Adh5-/- mice, extended analysis of the WGS data can be performed (Korber et 

al., 2025), including estimation of the date of clonal emergence, which would reveal 

whether these clones do have early origins, as well as mapping the variant alleles to 

genes to assess their potential significance in acting themselves as driver events. 
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Cell extrinsic detoxification of formaldehyde by ALDH2 protects HSC/MPPs in the 

foetal liver of Aldh2c/-Adh5-/-Vav1iCre+ mice, hence these early pressures won’t be 

present, explaining the absence of an early clonal phenotype. It remains to be shown 

whether Aldh2c/-Adh5-/-Vav1iCre+ may develop a clonal blood phenotype upon further 

ageing, as may have been expected from the presentation of other signs of 

haematopoietic ageing (myeloid bias, loss of MPP populations and accumulation of 

mutations). Currently, we do not have a gauge of the functional potential of the 

quiescent HSC pool in aged Aldh2c/-Adh5-/-Vav1iCre+ mice, and this may be expected 

to contract based on the observations of accumulating DNA damage and fate 

restriction. If the lifetime exposure to formaldehyde stress accelerates the loss of 

functional HSC/MPPs upstream of active blood production, we may observe a sudden 

collapse of this heterogeneity when surveying granulocytes at a later time point, as is 

observed in human ageing populations (Mitchell et al., 2022, Korber et al., 2025; a 

hypothetical mechanism of clonal acquisition in WT, Aldh2c/-Adh5-/-Vav1iCre+and Aldh2-

/-Adh5-/- mice is summarised in Figure 5.22). How long this would take is uncertain, at 

least outliving the lifespan of Aldh2-/-Adh5-/- mice, and the number of LT-HSCs does 

not appear to be contracting in the Aldh2c/-Adh5-/-Vav1iCre+ (although this is not a 

reflection of the functional size) by 1 year.  

 

Waiting for clonality to emerge in a sterile environment is not reflective of life. Exposure 

to pathogens and inflammatory agents (such as pollution (Hill et al., 2023)) are a daily 

occurrence, which can drive HSC proliferation through inflammatory signalling 

(Baldridge et al., 2011). The ability of HSCs to tolerate these stressors changes with 

age (Mann et al., 2018). If formaldehyde is accelerating the ageing of HSCs, we may 

expect the HSC/MPP population to be more extensively remodelled in Aldh2c/-Adh5-/-
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Vav1iCre+ mice in response to inflammatory challenge (e.g. pI:pC or LPS treatment), 

than in an Adh5-/-. If this is the case, it would suggest a mechanism through which 

formaldehyde could shape the functional compartment in natural populations, in that 

it influences pruning of the HSC/MPP pool as we encounter exogenous stimuli through 

life.  

 

Using granulocytes to measure the incidence of clonal blood is a significant advance 

in the ability to rapidly identify the onset of clonal haematopoiesis and expansion of 

variants known to confer risk to neoplastic transformation, which is significant for 

screening patients to understand their risk of developing cancer (Körber et al., 2025; 

Steensma et al., 2015), and has potential for applying to understand how clonality 

arises through native haematopoiesis following experimental perturbation. However, 

there are key limitations that restrict interpretations of these results. First, we are only 

able to detect clones at a frequency of above 5% VAF, which is a significantly lower 

resolution compared more advanced colony sequencing methods, being able to detect 

clones from 1% enrichment (Lee-Six et al., 2019). This threshold could be reduced by 

performing WGS at higher depth (Korber et al., 2025). Second, by only surveying 

granulocytes, which have a lifespan of ~3 weeks (Sun et al., 2014), we are only 

surveying a portion of haematopoietic output, and not directly the upstream HSC/MPP 

population, further underestimating clonal changes, as not all HSC/MPPs will be 

producing granulocytes at any one time. Third, as this data is drawn from WGS of a 

bulk population, we cannot deconvolve the direct relationship between variants and 

their progeny, so we can’t confidently classify which variant in the “shoulder” 

population may be acting as a driver, or whether this population is made up of multiple 

clones with similar VAF. Finally, the data presented here is still awaiting mathematical 
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modelling to confirm whether the clones observed in Aldh2-/-Adh5-/- mice fit that of a 

model of clonal evolution, or whether they still fit a model of neutral drift. This work is 

still active at the time of writing. 
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Figure 5.22 Model of clonal emergence in Aldh2-/-Adh5-/- and Aldh2c/-Adh5-/-
Vav1iCre mice 
(Top) Clonal emergence in WT mice. During development, the HSC/MPP pool 
undergoes rapid expansion, with HSCs adopting a quiescent fate upon entry into the 
bone marrow, with only a limited number of HSC/MPP clones producing blood at any 
one time. Over time, these populations change as active HSC/MPPs undergo 
replicative senescence, and new HSC/MPPs are recruited. The reseve of functional 
HSC/MPPs decreases as signals such as DNA damage, inflammation and niche 
signalling, influence cell potential. However, in mice, there is a large enough reserve 
pool that this does not become limiting by the time of death. (Middle) Clonality in Aldh2-

/-Adh5-/- mice. In these mice, the high formaldehyde burden in utero drives DNA 
damage and epigenetic change, which drives intense selection of HSC/MPPs such 
that the young mouse is a mosaic of only a significantly reduced pool of clones. Further 
clonal evolution is not observed as these mice die early in life. (Bottom) Clonality in 
Aldh2c/-Adh5-/-Vav1iCre+ mice. HSC/MPPs in development are protected by cell 
extrinsic ALDH2, hence pass through development without undergoing formaldehyde 
mediated reprogramming. However, chronic formaldehyde accumulation during life 
drives accumulation of DNA damage and epigenetic reprogramming that may drive 
functional decline of HSCs and cell attrition. As this accumulates, this reduces the size 
of the reserve HSC pool capable of replenishing the HSC/MPPs that are currently 
producing blood as they enter replicative senescence, leading to a collapse in clonal 
diversity in old mice. 
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5.3.3 Cell intrinsic ALDH2 confers protection to peripheral tissues 
 

Peripheral ALDH2 was able to confer protection against the severe phenotypes 

observed in Aldh2-/-Adh5-/- mice, notably the severe perinatal lethality and multi-

morbidities, as well as the reduced body weight and markers of tissue pathology. The 

fact that only a marginal increase in circulating GDF-15 was observed in Aldh2c/-Adh5-

/-Vav1iCre+ mice with age, suggests that chronic formaldehyde stress and ageing blood 

did not directly contribute to worsening tissue pathology, as may have been expected 

from accelerated ageing or progression of chronic disease (Adela & Banerjee, 2015; 

Ho et al., 2013; Mulderrig et al., 2021; Tanaka et al., 2018; Yousefzadeh et al., 2021).  

 

Interestingly, the signs of alleviated tissue pathology in Aldh2c/-Adh5-/-Vav1iCre+ mice 

arise despite equivalent levels of N2-Me-dG adducts as seen in Aldh2-/-Adh5-/- mice. 

N2-Me-dG adducts serve as a biomarker of formaldehyde on DNA in tissues (Lu et al., 

2010). Formaldehyde bound to guanine bases can be readily converted to DNA-DNA 

and DNA-protein crosslinks, promoting replication/transcription stalling and double 

stranded break formation (Wang et al., 2022; C.Millington, manuscript in preparation) 

hence more adducts are believed to correlate with greater DNA damage. This is further 

supported by correlation between adduct levels in tissues (e.g. kidney) and 

pathological phenotypes observed upon tier-2 deficiency (Pontel et al., 2015; Dingler 

et al., 2020; Mulderrig et al., 2021), and greater DNA-protein crosslink formation in 

Aldh2-/-Adh5-/- mice (Oka et al., 2024). Given that the adduct levels are largely 

equivalent, this suggests that directly overwhelming tier-2 may not be the route 

through which tissue pathology is driven in Aldh2-/-Adh5-/- mice. This is further 

supported by the absence of nuclear polyploidisation in Aldh2-/-Adh5-/- mice, which is 

induced by DDR proteins and observed in models of oxidative stress and DNA repair 
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deficiency (Chipchase et al., 2003; Gentric et al., 2015; Lau & Poon, 2023) and is 

observed in Adh5-/-Fancd2-/- mice (Pontel et al., 2015).  

 

To date, the significance of ALDH2 compartmentalisation to the mitochondria, the 

essential difference between peripheral tissues of Aldh2-/-Adh5-/- and Aldh2c/-Adh5-/-

Vav1iCre+ mice, has not been investigated. However, mitochondrial dysfunction is a 

well-recognised driver of diseases across tissues, including the kidney (Che et al., 

2014), brain (Lin & Beal, 2006) and liver (Mansouri et al., 2018). Mitochondria are a 

major source of endogenous formaldehyde, with several pathways of production found 

within: spontaneous decomposition of tetrahydrofolate, 5,10-methyl-tetrahydrofolate 

and 10-formyl-tetrahydrofolate in the mitochondria can release formaldehyde (Burgos-

Barragan et al., 2018); choline metabolism (Porter et al., 1985); lipid peroxidation 

(Bindoli, 1988); CYP2E1 localisation and metabolism of glycine (Clejan & Cederbaum, 

1992; Knockaert et al., 2011). As a hub of formaldehyde production, the mitochondrial 

genome and proteins might be under an additional burden of formaldehyde, sufficient 

to exceed an apoptotic threshold, when loss of ALDH2 is no longer compensated by 

ADH5 (Kazak et al., 2012; Nguyen et al., 2023). In this way, the Aldh2-/-Adh5-/- 

phenotype may be additive not only through increased DNA damage, but also 

mitochondrial pathology. A proof-of-concept system to study this may be by combining 

tier-1 deficiency with pol-γA deficiency (compromising proof reading during mtDNA 

replication and is associated with premature ageing in mice (Trifunovic et al., 2004)). 

Formaldehyde induced increases in the mtDNA mutation rate may exacerbate 

mitochondrial dysfunction and drive premature ageing, even in the presence of tier-2 

protection.  
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An alternative explanation may relate to the intense bottlenecking of Aldh2-/-Adh5-/- 

mice during the perinatal window. Somatic mosaicism is a feature not just related to 

the blood, but is observed across tissues, including the oesophagus (Martincorena et 

al., 2018), breast tissue (Nishimura et al., 2023), bronchial epithelium (Gómez-López 

et al., 2025), liver (Ng et al., 2021) and male germ line (Neville et al., 2024), with 

expanding clones frequently presenting mutations in DNA damage proteins (notably 

TP53). In the blood, mutations that arise during development are now understood to 

contribute to the clonal architecture of adult tissues (Kapadia et al., 2025; Liu et al., 

2025), as we hypothesise in Aldh2-/-Adh5-/-. Given the high adduct burden in the foetal 

liver of Aldh2-/-Adh5-/- mice, profound mosaicism may arise in these tissues very early 

in life that selects for clones which can tolerate high formaldehyde but also decreases 

regenerative capacity, thus accelerating ageing. These clones may have deficiencies 

in DDR pathways, limiting DNA damage signalling in the liver that may also inhibit 

polyploidisation, while promoting cancer predisposition observed in Aldh2-/-Adh5-/-. 

Future work to substantiate this mechanism may involve direct assessment of clonal 

architecture in the liver (and other tissues) of Aldh2-/-Adh5-/- mice to identify clonal 

expansions, or epigenetic adaptations, that enrich for tolerance to formaldehyde. 

 

It is important to note, that the biochemical markers of tissue damage, elevated 

specifically in the Aldh2-/-Adh5-/- mice, may be explained by tissue-tissue connections 

that cannot be resolved with this model, rather than formaldehyde damage specific to 

that tissue. For one, renal dysfunction is also a common product of chronic liver 

disease, resulting from changing portal hypertension and renal vasoconstriction and 

drop in the kidney’s ability to filter waste products (Arroyo et al., 2007). In another 

instance, hypoalbuminaemia (failure of the liver to produce albumin) is used routinely 

as an indicator of malnourishment, besides functional failure, which is consistent with 
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the anorexic phenotype observed in Aldh2-/-Adh5-/- mice (Seltzer et al., 1979; Soeters 

et al., 2019). Histological characterisation of tubular damage and liver fibrosis would 

be a valuable addition to this work to help establish whether the route of the stress 

markers observed is indeed cell intrinsic. 

 

It is interesting to observe that the largest difference in formaldehyde exposure 

(quantified by N2-Me-dG adducts) between Aldh2c/-Adh5-/-Vav1iCre+ and Aldh2-/-Adh5-

/- mice, was observed in the brain. This is interesting in the context of ADDS patients; 

a consistent phenotype amongst these patients is a significant mental retardation 

(Dingler et al., 2020; Oka et al., 2020). Aldh2-/-Adh5-/- mice had a 5-fold increase in the 

adduct level in the brain compared to Adh5-/- mice. In the absence of TC-NER, Adh5-

/-Csb-/-, this formaldehyde burden is sufficient to induce profound neurodegeneration, 

in resemblance with human Cockayne syndrome (Mulderrig et al., 2021). Moreover, 

using a Cre-Switch model that reinstates ADH5 expression in the blood system, the 

adduct level is significantly lowered and partially rescues this neurodegenerative 

phenotype, despite the remaining absence of Csb-/-, hence the phenotype correlates 

with the formaldehyde burden measured by the adduct level (H. Russell’s Thesis, 

Oxford; L. Mulderrig’s Thesis, Cambridge). Aldh2-/-Adh5-/- mice have never been 

assessed for their neurological phenotype, so it would be interesting to see if the clear 

increase in formaldehyde burden correlates with any signs of neurodegeneration, and 

if blood rescue restores function. If there is no phenotype, this raises the question of 

what is the critical amount of formaldehyde necessary to overload tier-2 protection, 

and are disorders derived from stress to other organelles?  
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5.3.4 Limitations 
 

A recurring limitation of this study is the low number of biological replicates throughout, 

particularly regarding the in utero phenotypic characterisation of Aldh2-/-Adh5-/- 

haematopoietic phenotype and need more replicates to increase the statistical power. 

In addition, there are complications associated with the use of the reduced N2-Me-dG 

adduct in understanding of formaldehyde exposure across all tissues. The rate of cell 

division is a factor in the rate of adduct accumulation, such that more turnover reduces 

the adduct level, despite being in environments of equivalent formaldehyde. This study 

would benefit from direct serum formaldehyde quantification using GC-MS methods 

as used in Aldh2-/-Adh5-/- mice (Dingler et al., 2020), to understand whether the 

systemic load of Aldh2-/-Adh5-/- and Aldh2c/-Adh5-/-Vav1iCre+ is indeed equivalent, or if 

the blood of Aldh2-/-Adh5-/- is still under still under a greater load, which may account 

for their differences. 

 

5.3.5 Conclusion 
 

To conclude, peripheral clearance of formaldehyde by ALDH2 is sufficient to suppress 

the significant pathology observed in the Aldh2-/-Adh5-/- mice. It also extends 

understanding of the origins of Aldh2-/-Adh5-/- pathology to essential changes 

experienced in utero, which may help explain their rapid onset of peri-natal lethality. 

By contrast, the Aldh2c/-Adh5-/-Vav1iCre+ mouse develops an ageing haematopoietic 

phenotype directly as a function of formaldehyde exposure through time, thus serving 

as a more suitable model to study how formaldehyde may drive the ageing process. 

Interestingly, despite the similar formaldehyde burden in Aldh2-/-Adh5-/- and Aldh2c/-

Adh5-/-Vav1iCre+ tissues, as measured by N2-Me-dG adduct quantification, there was a 
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striking difference in health of the haematopoietic, kidney and liver tissues. I have 

discussed how this may indicate mechanisms of adaptation in the Aldh2c/-Adh5-/-

Vav1iCre+ tissues to high formaldehyde, potentially underappreciated roles of 

mitochondria, and a route by which formaldehyde drives mosaicism in haematopoietic 

tissues in Aldh2-/-Adh5-/- mice that accelerates ageing of these mice. Future work 

should focus on extending the phenotypic analysis performed here to develop a more 

detailed understanding of the functional changes that take place in the different 

organs, and will benefit from multi-OMIC profiling to provide a mechanistic 

understanding of how exactly formaldehyde drives these changes. Furthermore, while 

the changes in HSC/MPP output of Aldh2c/-Adh5-/-Vav1iCre+  mice did not translate to 

changes in clonal architecture, signs of accelerated ageing were observed 

(downstream MPP compartments, epigenetic reprogramming, and mutation 

accumulation), which may translate to clonality when encountering exogenous stress, 

while in a native setting, emergence of clonality may only be a matter of time.  
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5.4 Supplementary Figures 
 

 

Supplementary Figure 5.1. – Haematopoietic stem cell, multipotent progenitor 
and committed progenitor quantification in bone marrow in 8-12-week females 
Quantification of respective populations in 8-12-week male old mice, as a proportion 
of total number of Lineage- cells sampled. Bars represent mean ± SD, data represent 
individual mice, n = 5, 4, 3, p values determined by Dunn’s test, ns > 0.05. 
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Supplementary Figure 5.2 Maturing blood populations in the bone marrow in 8-
12 week-old females  
Quantification of maturing lineages (left) in the whole bone marrow and subsequent 
peripheral blood populations (right), for erythroid, myeloid, B-cell, thymic development. 
All data representing mean ± SD, points represent individual mice, n = 5, 4, 3, p values 
determined by Dunn’s test, ns > 0.05. 
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Supplementary Figure 5.3 Haematopoietic stem cell, multipotent progenitor and 
committed progenitor quantification in bone marrow of 1-year old females, n = 
3, 1, 2, bars represent mean ± SD 
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Supplementary Figure 5.4 Bone marrow maturation in 1-year aged females 
(Left) Quantification of maturing lineages for erythroid, myeloid, and B-cell and thymic 
development. (Right) Quantification of terminal blood populations in peripheral blood. 
n = 3, 0, 2. Bars represent mean ± SD 
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Chapter 6 
 
 
Concluding remarks 
 
 
 
 

Formaldehyde is an endogenous driver of DNA damage, hence a driver of ageing. By 

studying enzymes with combined deletions of metabolic enzymes of detoxification 

(ALDH2, ADH5) and DNA repair (FANCD2, CSB), we understand this one carbon 

molecule as a significant source of genomic instability. In this way, formaldehyde can 

act as a driving force of natural selection at the human population level (in evolution 

of redundant mechanisms of two-tier protection) and cellular level (driver of CH).  

 

The severity of the Aldh2-/-Adh5-/- phenotype, highlights the significance of the 

redundant tier-1 mechanism that support formaldehyde clearance. Meanwhile, 

scRNAseq analysis has highlighted significant transcriptional remodelling in contexts 

of high endogenous formaldehyde, suggesting signalling responses that are 

responsive to formaldehyde that may coordinate an adaptive response. However, the 

relative significance of these pathways in mitigating the toxic effects of formaldehyde 

in unknown. My thesis therefore had its first aim: How do cells recognise and 

respond to formaldehyde (Chapter 3). I attempted to develop a fluorescent reporter 

of GDF-15 transcription to provide a sensitive readout of formaldehyde stress, which 

could be used in a genome-wide CRISPR-Cas9 screen. In this screen, increased 

GDF-15 induction would suggest genes involved in protection against formaldehyde, 
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while decreased induction would suggest genes involved in damage signalling or 

formaldehyde sources. I attempted to produce this reporter using both endogenous 

and exogenous routes but was unsuccessful in both avenues. There were technical 

limitations in these experiments that would need to be addressed if the work would be 

revisited, which have been detailed. However, given reports of Flow-FISH in 

successfully monitoring transcriptional output in CRISPR-Cas9 screens, which gets 

around the need to produce a genetically modified cell line that could potentially 

remove elements necessary for transcription, I would recommend this route in future 

work. 

 

While the significance of tier-1 and two-tier deficiency in humans is evident, it remains 

curious how the loss of function ALDH2*2 variant has risen to such prominence among 

East Asians. Therefore, my thesis had its second aim: Does ALDH2 deficiency 

confer a selective advantage (Chapter 4). I dismissed the argument of alcohol 

abstinence based on the late onset of associated diseases that alcohol may induce, 

which would be unlikely to influence selection in the reproductive population. I instead 

focused on potential for immune protection, routing from work by Douglas & Fearon, 

who described direct modification of antigens by glycolaldehyde (which can be 

produced from MPO expressed in neutrophils) to increase the humoral response. In 

an ALDH2-deficient background, absence of aldehyde clearance by ALDH2 may 

increase the degree of detoxification of these aldehydes in the immune system, thus 

conferring increased immune response. Investigating this hypothesis, F.Dingler 

observed Aldh2-/- mice indeed had a greater response to OVA. I looked to see if this 

was a generalisable feature in other antigens, HEL, BSA or HA, but did not observe 

the same increases, although in HA, a decelerated humoral response was observed. 
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The fact that Aldh2-/- mice do show differences in the immune response in OVA and 

HA, suggests that differential regulation of the adaptive immune response may indeed 

be a mechanism by which ALDH2-deficiency confers an advantage, although is highly 

dependent on the antigen properties. This study focuses on a general output of the 

immune system, binding IgG antibodies, and future work should focus on 

understanding the direct mechanism through which this may operate, and whether this 

confers protection to infectious disease in in vivo challenge models, or human patients 

carrying the ALDH2*2 allele. However, in this chapter I also discuss limitations of the 

aldehyde hypothesis, in that the mechanisms hypothesised to increase immune 

protection, could have a significant trade-off in disease tolerance. 

 

One of the tissues most susceptible to formaldehyde induced damage is the blood. 

Chronic formaldehyde exposure drives features of haematopoietic ageing in Aldh2-/- 

Fancd2-/-, Adh5-/-Fancd2-/- and Aldh2-/-Adh5-/- models, observed by loss of 

repopulation capacity, anaemia, myeloid-bias, and clonal haematopoiesis. However, 

we don’t know exactly the mechanism by which formaldehyde may drive ageing in the 

blood in a normal ageing scenario. Furthermore, as ageing in the blood is known to 

accelerate the functional decline of peripheral tissues, it is important to understand 

whether this is through its roles in mediating formaldehyde detoxification, or through 

functional decline in supporting tissue homeostasis. However, Aldh2-/-Adh5-/- 

experience severe peri-natal lethality and multi-morbidity. This makes it difficult to 

studying changes to the blood as a function of time (i.e. age related). I, therefore, 

characterised a mouse model, where ALDH2 was deleted specifically in the blood of 

Adh5-/- mice using a Vav1iCre+ system. This relieved the extreme peri-natal defect and 

multi-morbid phenotype, prompting my thesis’ third aim: does blood formaldehyde 
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clearance protect against ageing in the blood and peripheral tissues? I found 

peripheral clearance of formaldehyde by ALDH2 was sufficient to protect the 

haematopoietic system and peripheral tissues from the chronic formaldehyde burden 

observed in Aldh2-/-Adh5-/-. Interestingly, there was still a significant formaldehyde load 

in all tissues. In the blood, this high formaldehyde burden drove DNA damage and 

accelerated acquisition of myeloid biased haematopoiesis and mild signs of anaemia, 

indicative of accelerated ageing. In the peripheral tissues, however, there was no clear 

indication of formaldehyde inducing genomic instability (assessed through liver 

polyploidisation) or tissue damage in young or 1 year old mice. This may highlight the 

importance of non-DNA damage channels of pathology in Aldh2-/-Adh5-/- mice, such 

as mitochondrial stress, as a route of formaldehyde mediated disease. Protection of 

the haematopoietic and peripheral tissues from toxic effects of formaldehyde, 

suggests significant epigenetic changes are induced that facilitate protection, hence 

future work would benefit from multi-omic profiling of these tissues to understand what 

pathways are upregulated that facilitate formaldehyde tolerance, and how do they 

affect cellular functions, such as lineage bias in haematopoietic stem cells.  

 

Finally, this work puts important light on how formaldehyde may act as a driver of 

clonal haematopoiesis. In driving instructional changes to cell fates, formaldehyde 

may act as a driver of selection, e.g. by promoting cells better adapted to tolerate high 

formaldehyde loads. In the constitutive Aldh2-/-Adh5-/- mouse, the perinatal window is 

a period of rapid expansion that may amplify the forces of selection, resulting in clonal 

haematopoiesis, and likely mosaicism of other tissues. In a chronic situation (as seen 

in Aldh2c/-Adh5-/-Vav1iCre+ mice) the same underlying epigenetic changes may incur, 

but the stimulus for selection is not observed. Proliferative stimuli, such as those driven 
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by acute infection, are a feature of life, but not of a laboratory mouse in a sterile 

environment. I predict that in underlying the ageing process in the blood (and likely 

other tissues), formaldehyde mediated instruction will accelerate the pruning of stem 

cell populations when exposed to extrinsic stressors. In doing so, formaldehyde 

becomes a fundamental agent of somatic decay through life. 
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