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ABSTRACT 
 Senescent cells contribute to inflammaging through the senescence-associated secretory phenotype 

(SASP). While the SASP has traditionally been identified by the release of soluble protein factors such as 

cytokines, extracellular vesicles (EVs) have recently emerged as important components of the SASP due to 

their cargo of diverse bioactive molecules. Individuals with early or accelerated aging often exhibit an 

increased burden of senescent cells. Hutchinson-Gilford Progeria Syndrome (HGPS), a rare and fatal 

genetic disorder, serves as a valuable model for studying accelerated biological aging and has played a 

pivotal role in elucidating SASP mechanisms. However, the composition and functional roles of EVs in 

HGPS remain poorly understood.  

In this study, we optimized a workflow for isolating and characterizing EVs from HGPS 

fibroblasts cultured in vitro. Using liquid chromatography–tandem mass spectrometry (LC-

MS/MS) in the data independent acquisition (DIA) mode, we identified over 1,500 unique proteins 

in EVs secreted by both HGPS and age-matched healthy control fibroblasts. Among these, we 

observed significant dysregulation of Major Histocompatibility Complex I (MHC-I) Human 

Leukocyte Antigen C (HLA-C) in EVs derived from mixed populations of replicating and 

senescent HGPS fibroblasts, compared to healthy controls. Notably, LNPEP (also known as 

IRAP), a protein involved in MHC-I antigen loading in endosomes, was upregulated in HGPS 

fibroblasts. CD9, a canonical EV marker implicated in inflammatory signaling was also 

upregulated in HGPS-derived EVs.  

  These findings suggest that EVs may participate in modulating immune responses to 

senescent cells, potentially contributing to the impaired clearance of senescent cells observed in 

age-related diseases. Our study provides novel insights into the EV-mediated component of the 

SASP in HGPS and underscores the broader relevance of EVs in diseases characterized by 

accelerated aging and cellular senescence. 
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1. INTRODUCTION 

1.1. Aging 

1.1.1. Clinical and Societal Impacts of Aging 

The Canadian and global populations are rapidly aging, which poses threats to healthcare 

systems worldwide as older adults often have complex health needs1. The United Nations (UN) 

project that the number of older adults, those being greater than the age of 65, will increase from 

10% in 2021 to 16% by 2050 (Figure 1A) 2. Other projections for the year 2100 suggest 124 nations 

around the world will be super-aged societies, where at least 20% of the population is over the age 

of 65 3. Canada is expected to become super-aged by 2030 (Figure 1B), thus an important 

proportion of the population will be geriatric. This worldwide increase in lifespan has been 

considered a “major human achievement” by the UN, fueled by scientific inquiry into novel 

medicines, as no significant proportion of any recorded population worldwide had attained that 

milestone per data from the 1950s 4. This achievement is also further exemplified when comparing 

the modern human lifespan to that of other Great Apes, whose lifespan rarely exceeds 50 years in 

captive environments5.  

A second key measure is also used to understand the aging population, that being healthspan 

or health-adjusted life expectancy, which is defined by many as the length of time people live 

before being affected by significant disease or disability which is associated with aging6,7. Some 

researchers caution the use of this term, until such a time where a “significant disease” is 

comprehensively defined across different societies and cultures6. However, others conjecture this 

metric of longevity is currently useful, to quantify healthy aging in current times, and measure its 

evolution moving forward8. Of particular interest is the “healthspan gap” or “longevity leap”, the 

difference between lifespan and healthspan, which sits approximately between one seventh and 

one fifth of lifespan (Figure 1C) 3,9. Thus, people will live up to 20% of their life with some 
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advanced degree of disease. Upon further investigation of two-decades of global data, while 

excluding communicable disease and the year’s corresponding to the coronavirus disease 2019 

(COVID-19) pandemic, it was found that women and individuals from developed countries display 

a larger average healthspan gap when compared to the global mean, the underlying reasons for this 

is still poorly understood7. 

In recent years, the UN has declared a “Decade of Healthy Aging”, a framework to promote 

the evolution of the social views of longevity towards healthy longevity10. Though, this did not 

explicitly include scientific inquiry into the biological underpinnings of the healthspan gap, it is 

interesting to note that countries which display the largest gap tend to be westernized, and harbour 

an increased burden of sterile inflammation driven, in part, by noxious metabolic stimuli arising 

from western diets amongst other sources, termed meta-inflammation11,12. This metabolic 

inflammation is distinct from inflammaging, but a complex crosstalk has been identified between 

the two in the context of many diseases which increase in frequency and severity with age, known 

as age-related diseases13,14. 
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Figure 1: A Global and Canadian perspective on aging. 

(A) Proportion of the global population of age 65 or older, from 1950 and projected to 2100.  (B) Proportion 

of the Canadian population of age 65 or older, from 1950 and projected to 2100. (C) The mean healthspan 

gap of Canadians stratified by sex, and the global mean healthspan gap. Panels (A) and (B) were used from 

the United Nations, under the Creative Commons License CC BY 3.0. Data for panel (C) come from 

analyses performed by Garmany and Terzic, 2024 9.  
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1.1.2. Inflammaging: The Intersection of Inflammation and Aging 

It is well understood that important contributing factors to reduced healthspan are pathologies 

such as cancer, cardiovascular disease, dementia, diabetes and neurodegenerative disease, all of 

which are becoming increasingly prevalent in modern society3,15. Together, these are all age-

related disorders, of which a major risk factor is inflammaging, a term first coined in 2000 in the 

context of evolutionary biology and medicine16,17. Its definition has matured over the past two and 

a half decades, but it is currently defined as the increase in sterile inflammation with advancing 

chronological age18. As there is no overt infection and inflammatory response, some refer to this 

inflammation as “smoldering” and is still capable of having profound pathological implications19. 

Despite the reuniting risk factors for age-related diseases, aging itself is exceptionally 

heterogenous in onset, rate and progression, even within the same organism; certain populations 

also display premature aging20–23. Therefore, an understanding of the inflammaging process is 

essential to develop novel interventional strategies to promote healthspan into older adulthood.  

Inflammaging is characterized by the chronic activation of the innate immune system, such as 

an increased macrophage activity24. Serum levels of various pro-inflammatory mediators such 

interleukin 6 (IL-6), and tumour necrosis factor alpha (TNFα) along with other chemokines and 

cytokines are high when assessed by molecular and proteomic methods25,26. Elevated levels of 

these mediators trigger a chronic pro-inflammatory state in the body and facilitate the development 

or progression of many diseases27,28. A consequence of this long-term immunogenic state is 

immunosenescence, where cellular components of the immune system, both innate and adaptive, 

undergo senescence and cease normal function by permanently exiting the cell cycle, and 

reprogramming their metabolic phenotype29. The dysfunctional immune system of the elderly is 

partially responsible for the increased vulnerability to many infectious and auto-immune 

diseases30. 
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The array of dysregulation which is observed in immunosenescence is large, however, 

important changes occur in Natural Killer (NK) and CD8+ thymus (T) lymphocytes. NK cells, 

despite increasing in number as humans age, demonstrate decreased secretion of pro-inflammatory 

mediators when undergoing senescence, which is contrary to what is observed in virtually all other 

cell types31–34. This has been associated with decreased perforin expression and release via 

degranulation, a protein which is linked to NK cell killing efficiency35–37. Further investigation of 

NK cell degranulation using compounds such as phorbol 12-myristate 13-acetate (PMA) in aged 

samples suggests that the reduction of cytotoxicity lies within modifications to signaling pathways 

leading to degranulation from membrane receptors, as degranulation using PMA, which bypasses 

these receptors, doesn’t differ between young and aged groups38. In studies involving mice, the 

host non-hematopoietic microenvironment was determined to be a key regulator of age-related 

decline in NK-cell cytotoxicity39. Thus, a complex interplay of cell-intrinsic and extrinsic factors 

is important in NK cell immunosenescence. 

T cells have been extensively studied in the context of aging, particularly due to the thymic 

involution, or the gradual shrinking of the thymus gland with age which was first described by 

anatomists40,41. The changes observed in the thymus are accompanied by a concomitant decrease 

in mature T cells in peripheral tissues and the loss of diversity in the T cell repritoire40,42. In turn, 

this research focus has then highlighted the importance of T cell immunosenescence, as many cell-

intrinsic changes occur in the decreased populations of T lymphocytes that remain. General 

observations include decreases in costimulatory molecules such as CD27 and CD28 which are 

essential in activated T cell survival and generation of effector T cell pools, and increase in CD57, 

which taken together suggest a replicative senescence43,44. Notably, this is distinct from T cell 

exhaustion, which is a reversible dysfunction, whereas T cell senescence is a terminal process, and 
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is accompanied by many changes which are well documented in somatic cells (see below in section 

1.1.3)45. One of the greatest differences between the two T cell dysfunctions elaborated above is 

that T cell senescence is accompanied by an altered, pro-inflammatory secretome, which is in stark 

contrasts to the modifications seen in NK cell immunosenescence. 

1.1.3. Cellular Aging and Senescence  

Despite immunosenescence being an important driver of age-related disease, virtually all 

terminally differentiate cell types are capable of undergoing senescence in response to stress and 

damaging stimuli as illuded above. The most relevant triggers include nuclear instability, 

chromosomal damage, telomere erosion, epigenetic reprogramming and metabolic imbalances. In 

2013, work published by López-Otín and colleagues grouped these factors together as “The 

Hallmarks of Aging”, along with senescence46. In the most recent rendition of these hallmarks, 

chronic inflammation was added to this list as it is the result of all other hallmarks, while also 

providing a powerful feedforward mechanism to induce further derangement to cellular function 

associated with advanced age 47. 

The senescence that was first described by Hayflick and Moorhead over 60 years ago occurred 

by the serial passaging of human cells, which was termed replicative senescence and was causally 

linked to telomere attrition upstream of chromosomal instability48,49. Cellular senescence is 

associated with the permanent exit from the cell cycle; however, these cells persist and function 

with an altered metabolic profile, such as the senescence associated secretory phenotype (SASP). 

In pathological contexts, the increase in oncogene Ras can lead to oncogene-induced senescence, 

producing DNA damage via double stranded DNA breaks (DSB)50. Other stressors which lead to 

DNA lesions, such as reactive oxygen species (ROS) may promote stress-induced, often referred 

to as premature, senescence51. Despite these various signals to begin the senescence program, 

DNA repair processes are of prime importance while sets of conserved pathways, such as p53, 
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allow for the progression of cellular senescence. Under physiological conditions, p53 (also known 

as TP53) is consistently produced and promptly degraded following its ubiquitination by MDM2, 

acting within an autoregulatory feedback loop as the MDM2 gene contains a p53 DNA-binding 

site52. However, in response to DNA lesions, repression of p53 is halted by phosphorylation, and 

by checkpoint serine/threonine kinases CHK1 and CHK2, which are activated by master 

transducers of DNA damage ATM and ATR53. 

 When a cell becomes senescent, it is arrested in the cell cycle oftentimes due to the 

upregulation and activation of cyclin dependant kinase (CDK) inhibitors which target key 

regulatory steps of the cell cycle, notably CDKN1A (p21) and CDKN2A (p16INK4a). In some cases, 

this may be the result of nuclear instability caused by decreases in Lamin B1 (LNMB1), High 

Mobility Group Box 1 (HMGB1) or other protein components of the nuclear lamina, envelope and 

DNA scaffolds54,55. However, a nucleus-centric view doesn’t fully capture the breadth of 

dysregulation that may occur to induce senescence, rather, defective organellar quality control 

mechanism such as autophagy and mitophagy, fuel important metabolic changes within 

senescence cells56. Furthermore, distinct sites of recycling such as the proteasome undergo 

pathological changes and concomitant increases in lysosomal mass and β-galactosidase (GLB1), 

a glycoside hydrolase with effects on β-galactosides within the lysosomal compartment57–59. 

Separately and together, these changes are important derangements within senescent cells. 

 Cellular dysfunction is not only limited to the intracellular spaces; senescent cells display 

an array of immunogenic features known as the SASP60. The initial description of this phenotype 

was somewhat limited using antibody-arrays at the time, it is now appreciated as a heterogenous 

secretome. Cells of myeloid and other lineages secrete high levels of pro-inflammatory mediators 

such as cytokines, chemokines, ROS, reactive nitrogen species (RNS), extracellular proteins, 
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proteases and C-reactive protein (clinically relevant as CRP). The precise makeup of the SASP 

varies depending on the lineage of the senescent cell and nature of damage the cells were subject 

to which led to senescence61. Within the past few years, extracellular vesicles (EVs) have been 

added to the SASP as an insoluble component with the ability to spread inflammageing and 

senescence to nearby and distant cells via the immune-silent transport of pro-geronic factors62,63. 

EVs have also been found to interact with and stabilise various factors of the soluble SASP, such 

as cytokines64.  

 The effects of the increased burden of senescent cells with advanced age has been an area 

of active inquiry, as the increase in senescent cell numbers have deleterious effects on tissues and 

organs65. The body has natural mechanisms in place to regulate the accumulation of senescent cells 

and minimize their negative effects on the organism. The SASP, being pro-inflammatory is a 

potent chemo-attractant of the innate immune system, notably macrophages, T and NK 

lymphocytes66, thereby increasing immunosurveillance of cells expressing the senescent program. 

However, as the SASP is an important player in tissue microenvironments, it may be relevant to 

the decrease in NK cell cytotoxicity observed in aging67. 

The innate immune response to senescence cells after SASP production generally entails the 

recruitment of M1-like macrophages, which are mainly involved in pro-inflammatory responses 

whereas M2-like macrophages are mainly involved in anti-inflammatory responses. Next, NK cells 

are recruited to the site and bind to the senescent cells via NKG2D ligands, where NK-cell derived 

perforins and granzymes are used to clear the senescent cells66. However, expression of major 

histocompatibility complex I (MHC-I) human leukocyte antigen (HLA) proteins are important 

inhibitors of NK cell activity. Upregulation of HLA-E has been found to inhibit NK and CD8+ 

(effector) T cell clearance of the senescent cells, while it’s depletion increased CD8+ T cell-
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mediated killing 68. There has been no other inquiry into the roles of other HLA paralogs in 

senescent cell clearance.  

Despite the current description of senescence presented above focuses primarily on the 

negative aspects of the process, it would be inappropriate to ignore the key roles of senescence in 

developmental biology, and tissue repair. Developmental senescence was found to be similar to 

oncogene-induced senescence, where p21 was found to be highly expressed with little to no 

expression of p53 in mouse embryos69. Evidence of senescence was also observed in human 

embryonic development70. In mice, selective removal of senescent cells inhibited wound healing; 

exogenous addition of certain SASP factors reversed this effect71. In human cutaneous wound 

healing, p21 and p53 were found to be upregulated amongst other senescence markers72. Despite 

this evidence and an acknowledgement that senescence is not strictly pathological, this thesis will 

assess senescence through the classical pathological lens, which is particularly notable in the case 

of progeroid diseases. 

1.2. Progeroid Syndromes – Diseases of Aging 
Progeroid syndromes are a class of rare genetic diseases characterized by their high degree of 

similarities to the physiological aging process, at exceptionally early stages of life. Some of these 

diseases include Bloom syndrome, Cockayne syndrome and Werner syndrome73. Hutchinson-

Gilford Progeria syndrome (HGPS) is likely the most known of all the progerias and generally 

results in death by the age of 13 years74. Current therapeutic avenues are only life-extending with 

some regard for quality of life in those extended years, but ultimately non-curative75,76. In most 

cases, the causative mutation in HGPS is a spontaneous mutation (c.1824C>T) in exon 11 of the 

Lamin A (LMNA) gene, leading to improper post-translational processing and the retention of a 

farnesyl modification on the mature protein77,78. In these patients, the matured form of the mutant 

LMNA pre-protein is therefore called “progerin” due to the protein’s association with the induction 
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of a premature aging phenotype78. The progerin isoform retains its ability to be a nuclear lamina 

protein but causes nuclear instability and is associated with various chromosomal effects79. Base-

editor technology has been implemented in mouse models of HGPS carrying mutant LMNA, to 

greatly extend lifespan; however, no translatory efforts have been successful to date80.  

HGPS patients are afflicted with co-morbidities such as hypertension and atherosclerotic 

cardiovascular disease leading to stroke, myocardial infarction and cardiac failure; all this without 

classical risk factors for these morbidities such as smoking and obesity74. Signs and symptoms of 

HGPS include the loss of subcutaneous fat, muscle atrophy, osteopenia, joint stiffness and 

progressive alopecia81. Together, these observations demonstrate that HGPS is indeed a disease 

which mimics physiological old age; thus, it has been used as a model system to understand the 

aging process and develop better therapeutics82,83.  

The most common HGPS samples used for in vitro biomedical research are dermal fibroblasts. 

Fibroblasts are important mesenchymal cells of connective tissues that secrete extracellular matrix 

and signalling molecules such as cytokines and growth factors, among other roles in signal 

transduction84. However, due to the presence of this cell in many diverse tissues, fibroblasts exhibit 

great functional and transcriptional heterogeneity. These cells are  increasingly recognized for their 

ability to shape microenvironments within the body, particularly under disease conditions85. 

Seminal work to understand HGPS immunology and inflammaging has also occurred using 

lymphoblasts, though, these cells are still used relatively rarely when compared to their fibroblast 

counterparts86. 

The NLRP3 inflammasome, the most promiscuous of cytosolic sensors for danger associated 

molecular patterns and a central mediator of inflammation, has been shown to be activated in 

lymphoblasts from HGPS patients86. Furthermore, the components of the NLRP3 inflammasome 
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were also activated in a mouse model (Zmpste24-/-) of HGPS and pharmacological inhibition of 

NLRP3 inflammasome by a small-molecule drug, MCC950, improved the lifespan of these mice 

and reduced IL-1β production86,87. These findings suggests that NLRP3-inflammasome dependent 

inflammation might be linked to the increase and promotion of inflammaging in HGPS and old 

age. Therefore HGPS remains an attractive model system to study the SASP88. 

An important nexus for NLRP3 inflammasome activation is the mitochondria and 

mitochondrial associated membranes (MAMs), which are contact sites between the mitochondria 

and endoplasmic reticulum. When innate immune cells, such as macrophages and microglia are 

exposed to ER stressors, the flux of calcium (Ca2+) into the mitochondria may lead increases in 

mitochondrial oxidative stress and superoxide dismutase (SOD2) upregulation89.  Another 

important class of antioxidants are glutathione S-transferases (GST) enzymes, which transfer 

glutathione tripeptides onto electrophilic species, while also serving as important components of 

the global protein glutathionylation system. In the context of the NLRP3 inflammasome, GST 

Omega-1 (GSTO1) has been identified as an important positive regulator of the inflammasome via 

deglutathionylation of NIMA related kinase 7 (NEK7)90. Although, these specific antioxidants and 

their connection to inflammation in HGPS has never been fully examined, dietary magnesium has 

been found to ameliorate mitochondrial oxidative stress in heterozygotic LMNA mutant mice and 

ultimately lead to improved lifespan91. In other preclinical models, compounds with antioxidant 

properties such as methylene blue or RAD001 (Everolimus, rapamycin analog)92,93. As RAD001 

has been already approved for clinical use in cancer, a new trial involving laminopathy patients 

has been launched, however, no results have been published at the time of writing this thesis93,94. 

Farnesyltransferase inhibitors (FTIs) are a class of drugs that were first developed to treat 

cancers, specifically in cancers where there are mutations in the RAS family of proteins which 



12 

 

require farnesylation to become functional at the cell membrane and exert their pro-proliferative 

effects95. For example, Lonafarnib (also known as SCH66336, Sarasar and Zokinvy), was initially 

used in multiple cancers, but had a small proportion of patients who responded to the molecule as 

a monotherapy or combination therapy, potentially due to the alternative prenylations other than 

farnesylation which may occur to mutated RAS96–98. However, in 2020, Lonafarnib was approved 

by the Food and Drug Administration for the treatment of HGPS, with its therapeutic effect acting 

through the inhibition of farnesylation of preprogein99. 

Due to the wide array of pathological observations in HGPS, many other cellular pathways and 

processes may be promising as targets for disease-modifying therapies, or solutions which work 

beyond symptom management such as antioxidant therapies. Telomere length is shorter in HGPS 

when compared to health, chronological age-matched controls, thus targeting telomere attrition 

mechanisms may be useful100. Indeed, efforts have been made in telomere-driven diseases, such 

as aplastic anemia, to inhibit the attrition or increase telomere length through telomerase activity. 

Supplementation with telomerase activator TA-65 has shown moderate success in telomere 

lengthening, without significant impacts on organism longevity101. Androgen therapy has 

demonstrated the potential to increase TERT transcription and rescue telomere attrition; however, 

this therapeutic approach presents the largest benefit in hematological cell types102. The relative 

lack of research in the HGPS immune system may limit the utility of these approaches to the 

disease.  

1.3. Extracellular Bioparticles and Vesicles 
Extracellular vesicles (EVs) are submicron, lipid bilayer-bound extracellular particles (EPs) 

that were first described as cellular debris or “platelet dust”, that are shed by all cell types and are 

readily accessible in many bodily biofluids such as blood and urine103,104. These particles are now 

appreciated as important mediators of paracrine and endocrine communication due to their rich 
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contents of nucleic acids, proteins and lipids; as well as their stability in circulation or extracellular 

environments, tropism and low immunogenicity. These factors have contributed to EVs becoming 

attractive targets for the identification of biomarkers or as highly customizable delivery vehicles 

for novel therapeutics. 

Given the heterogeneity of EVs, they can be classified by biochemical composition, density, 

and size among other quantitative measures proposed in 2014, and revised twice since then, most 

recently in 2023105–107. A wide variety of molecular markers, such as proteins, lipids and micro-

RNAs (miRs) exist for general and specific subclasses of EVs, indexed on databases such as 

Vesiclepedia and ExoCarta108,109. The most consistently described protein markers are tetraspanins 

such as CD63, CD81 and CD9, and antibody-based recognition of these proteins is feasible and 

often used. The Minimal Information for Studies of Extracellular Vesicles (MISEV) has, 

historically, curated a non-exhaustive list of proteins divided into categories, depending on protein 

topology, protein function, specific association with EVs, associations with contaminating co-

isolated EPs or subcellular trafficking pathways and contaminants from the sample matrix or cell 

culture medium107. Along with this list of proteins, the MISEV Consortium has produced thorough 

guidelines with respect to all aspects of EV research and reporting. Size-based discrimination of 

EVs produce subcategories such as small EVs (sEVs), which are smaller than 200 nm in diameter, 

and large (lEVs) which are greater than 200 nm. The use of such size terms is cautioned by MISEV 

2023, as these definitions are dependent on the technique of measurement used in a particular study 

while some techniques induce artefactual physical properties107. 

EV biogenesis pathways are varied, depending on the exact subpopulation in question. 

Exosomes, which are nanoparticles of size 30-120 nm, are generated from the late endosome110. 

Large multivesicular bodies (MVBs) allow for the formation of intraluminal vesicles (ILVs) by 
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invagination of late endosomal membranes, an event which may engulf and trap cytosolic 

components in a macroautophagic process111. The ILVs within the MVBs have two major fates, 

1) the trafficking to the lysosome for cargo degradation or 2) the release of the ILVs into the 

extracellular space upon fusion with the plasma membrane. The extracellularly released ILVs are 

termed small extracellular vesicles or exosomes. Due to this biogenesis mechanism, exosomes 

typically contain the machinery known as the endosomal sorting complex required for transport 

(ESCRT); however, recent evidence suggests that an ESCRT-independent exosome biogenesis 

pathway which is dependent on lipid raft microdomains may also be important112,113. These 

domains have been shown to be enriched with tetraspanin, proteins which are widely accepted to 

be crucial in exosomal protein loading, forming tetraspanin enriched microdomains 114. 

Microvesicles (MVs) are a distinct class of EVs, and larger than exosomes, being defined as 

150-1,000 nm in diameter. These structures are sometimes referred to as microparticles. MVs are 

the product of direct outwards budding of the plasma membrane, rather than structure from within 

the cell that is then released, their upper size limit has an important dependence on their cell of 

origin. As the outwards membrane blebbing is accompanied by changes in protein and lipid 

composition, to facilitate membrane curvature required for MV formation115. Of note, MVs are a 

heterogenous group of structures, when applying the definition of being formed by the outwards 

blebbing of the plasma membrane, which encompasses subclassifications of EVs such as 

oncosomes and apoptotic bodies116. Both subclasses have specific requirements for their 

classification, particularly with respect to the producing cell, like cancer for oncosomes and cells 

undergoing apoptosis for apoptotic vesicles and bodies117–119.   

The most widely studies biochemical cargo of EVs are likely miRs, due to their potency at 

modulating biological processes via posttranscriptional actions120,121. In the context of senescence, 
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miR34a has been shown to promote the propagation of senescence by EVs in chronic obstructive 

pulmonary disease (COPD), a lung-specific premature aging pathology, by inhibiting the anti-

aging protein surtuin-1 122. Senescent osteoblast-derived EVs were found to promote endothelial 

cell senescence through their miR-214-3p cargo, which targets L1CAM123,124. The transfer of miRs 

via exosomes also has clinical implications, such as miR-181b-5p mediated senescence in 

doxorubicin-resistant breast cancers125. The composition of the EV lipid envelope has been shown 

to change as well, though, the possible effects these changes have on target cells has yet to be 

determined126. The protein cargo of senescent cell EVs has also been demonstrated in many human 

cell models, such as vascular smooth muscle where the cargo induced pro-inflammatory effects on 

target immune cells which were consistent with inflammaging127. A recent review has summarized 

some of the changes in EV cargo and their effects on immunosenescence and inflammaging128.  A 

schematic of the SASP, including the novel EV components is presented in Figure 2. In this study, 

I sought to examine the EV proteins that are disturbed in HGPS, a classically senescent cell and 

model of advanced chronological age, using mass spectrometric methods. 
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Figure 2: EVs as a component of SASP. 

EVs are increasingly recognised as important mediators of the SASP. When a cell becomes senescent, due to a variety 

of triggers such as DNA damage or mitochondrial stress and dysfunction, a senescent gene expression profile is 

expressed, which classically included pro-inflammatory SASP markers. However, protein-level changes may also 

modify the non-soluble secretome, contained within various EV subpopulations such as exosomes or microvesicles. 

Both SASP compartments, either soluble or non-soluble, can induce a pro-inflammatory effect, such as immune cell 

activation. Despite EVs, being classically referred to as “immune silent”, in the context of the SASP, they represent 

an important feed-forward mechanism to promote inflammation in nearby and distant targets.  
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1.4. Mass spectrometry as a tool for molecular characterization 
Proteins are the result of translated RNA and are key effectors of nearly all cellular processes. 

Thus, understanding these biomolecules is important to understand biological systems. Proteomics 

is the study of the protein landscape of biological samples, including protein expression, post-

translational modifications (PTMs) and in some cases protein localization. With knowledge of the 

human genome, inferences may be made about the proteome for subsequent large-scale protein 

sequencing experiments. To date, the UniProt Consortium maintains a human reference proteome 

of over 20,000 proteins, representing full genomic coverage129. This tool, along with instrument 

development has allowed for unparalleled quantitative sequencing of protein and peptide data.  

 The current method for identifying hundreds or thousands of proteins in complex biological 

samples is bottom-up proteomics, whereby samples are digested with proteolytic enzymes 

cleaving known residues130. This peptide sample is then subject to liquid chromatography (LC) to 

separate peptides by their relative hydrophobicity and the eluted peptides are directly sprayed (via 

electrospray ionization) into mass spectrometer, which measures mass-to-charge (m/z) values of 

intact peptides (precursor ions), fragments the peptides, and measures m/z values of peptide 

fragments (fragment ions).   

As the quality of the data collected is directly correlated with the proteins which may be 

identified in a mass spectrometry experiment, many distinct data acquisition methods have been 

developed to maximize reproducible protein identification. Notably, data dependent acquisition 

(DDA) selects a pre-defined number (N) of the most intense peaks in the precursor MS1 scan (i.e. 

peptides with specific charges) for fragmentation and more detailed analysis during the MS2 scan 

to produce a unique spectral “fingerprint” for use in precursor ion identification. However, this 

method struggles to identify low-abundant proteins, which are generally of prime biological 
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interest. Conversely, during a data independent acquisition (DIA) experiment, predefined mass-

to-charge ratio (m/z) windows in the MS1 scan are selected for fragmentation and MS2 data 

acquisition. This produces chimeric MS2 spectra, which potentially contain information for many 

different peptides which may be co-eluting. Software tools have been developed to analyse and 

process these chimeric spectra, for the extraction of meaningful biological data. A graphical 

summary of both acquisition schemes is shown in Supplemental Figure 1. 

Sample matrix, or the non-analyte of interest components are an important factor in 

determining final data quality, as highly abundant contaminants may supress the signal from 

nearby analytes during data acquisition, resulting in the lack of analyte detection. Multiple 

proteomic sample preparation methods have been developed over time, prioritizing aspects such 

as technical ease, preparation time and more importantly protein and peptide purity. A leading 

method is the Single-Pot Solid-Phase Enhanced Sample Preparation (SP3), which uses modified 

carboxylate particles to bind to proteins within a detergent-containing lysate131. These beads with 

bound protein are then washed to remove contaminating non-protein components of the sample 

and detergents before being digested with a proteolytic enzyme, usually trypsin. This method is 

useful in cases where protein concentration is low, as protein binding to a solid matrix allows for 

the concentration of protein by removal of supernatant while remaining scalable in terms of initial 

sample volume and throughput132,133. However, the optimization of biological sample collection, 

protein extraction and digestion, peptide clean-up and data acquisition and processing parameters 

are all key in establishing a robust, reproducible proteomic workflow to draw meaningful 

biological conclusions. 
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2. HYPOTHESIS AND AIMS 
 

2.1. Hypothesis 
I hypothesize that HGPS fibroblasts produce harmful EVs that are capable of inducing 

inflammaging in healthy cells, in turn, resulting in age-associated phenotypic and genotypic 

changes. Conversely, healthy cells produce regenerative EVs capable of restoring many age-

related properties in HGPS cells. 

 

2.2. Objectives 
The primary objective of my project is to identify the cargo in age-associated EVs, released by 

healthy and HGPS cells, that contain mediators of the inflammaging process, with a particular 

focus on EV-associated proteins. 

 

2.3. Aims 
Aim 1: To develop a method to assess EVs contained within conditioned media (CM) from HGPS 

and healthy fibroblasts. 

 

Aim 2: To identify subsets of EVs with pro/anti-inflammaging proteins. 
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3. MATERIALS AND METHODS 

3.1.  Cell Culture- Fibroblasts 
Fibroblasts from health and HGPS patients (Table 1) were cultured in Minimum Essential 

Medium Eagle with Earle’s Salts & L-Glutamine (EMEM, 320-005-CL, Wisent Inc.), 

supplemented with 15% fetal bovine serum (FBS; Wisent Inc.), 50 U/mL Penicillin and 50 mg/mL 

Streptomycin (Gibco, BRL), at 37°C in 5% CO2. Cells were seeded at a density of ~7.5×105 per 

T175 flask and passaged every 4- or 5-days, as required. The FBS used was EV-free, produced by 

a 4-hour ultracentrifugation run of Wisent FBS at 100’000xg to pellet EV and other large particles. 

The lack of bovine EV marker proteins was confirmed using DDA LC-MS/MS analysis. 

(Supplemental Table 2). 

Table 1: Patient-Derived Fibroblast Cell Lines from Corriell Institute Used in This Study 

Cell Number Status Age (at sampling) Sex Reference 

01 HGPS 

(unknown mutation) 
2 

Female AG07493 

02 HGPS 

(LMNA mutant) 
8 

Female AG11513 

07 Healthy 1 Male GM05659 

08 Healthy 8 Male GM08398 

 

3.2.  Isolation of Extracellular Vesicles from Conditioned Media 
Cells from passages 15 were seeded at approximately 1.0x106 or 1.5x106 (HGPS-02) cells per 

15cm dish and grown in conditions described above in 3.1. When confluency reached 

approximately 50%, as much 15% FBS media was removed by pipetting as possible and 30 mL of 

5% FBS containing media was added to each dish. Conditioning occurred over 48 hours, resulting 

in a confluency of 80-100%. Conditioned media (CM) was removed from the cell culture flasks 

only once and immediately processed for EV isolation or stored at -80°C until processing. The 

relative or absolute levels of senescent cells before and after conditioning was not assessed.  
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A method was optimised to concentrate 40 mL of conditioned media down to 250 µL using 

Amicon Ultra – 15 centrifugal filters with a nominal molecular weight limit of 100 kDa (REF. 

UFC910024, Merck Millipore). Briefly, filter units pre-equilibrated with phosphate buffered saline 

(PBS, [Cat. 311-012-LL, Wisent Inc.]) were loaded with 10 mL of concentrated media and spun 

at 4000 xg for no more than 20 minutes in a centrifuge (Cat. 022625080, Eppendorf) cooled to 

4°C with 50 mL tube rotor (Cat. A-4-44, Eppendorf). The process was repeated without removing 

retentate 3 more times to achieve samples for further processing, the flow-through was sterilised 

and discarded as waste. 

 

3.3.  Size Exclusion Chromatography 
Concentrated conditioned media was separated by size exclusion chromatography (SEC) using 

commercially available columns by Izon following the manufacturers protocol. Briefly, qEVsingle 

35 Gen 2 (Prod. ICS-35, Izon Science) SEC columns were equilibrated using 3 column volumes 

of 0.1µm filtered (Prod. SLVVR33RS, Merck Millipore) PBS. Next, 150 µL of concentrated 

conditioned medium was loaded onto the resin bed, and a fraction was collected. Subsequent 

fractions were collected by the addition of 170 µL f of filtered PBS to the resin bed, up to 16 or 20 

fractions. Fractions were the aliquoted for proteomic analysis, nanoparticle tracking analysis or for 

orthogonal assessment of protein contents, then stored at -80°C. Columns were then washed by 

the addition of 1 column volumes of filtered PBS, 1 column volume of 0.1 M sodium hydroxide 

in PBS, equilibrated with 1 column volume of filtered PBS and stored in 0.05% sodium azide at 

4°C until future use. 
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3.4.  Nanoparticle Tracking Analysis (NTA) 
Conditioned medium, concentrated conditioned medium and SEC fractions were assessed for 

nanoparticle content using a ZetaView Nanoparticle Tracking Analysis system (Particle Metrix, 

Germany). Samples containing particles were diluted in 0.1 µm-filtered PBS that was degassed 

using water-bath sonication such that particle count per frame was between 40-200 particles. Data 

was acquired with the microscope and analysed using manufacturer software using particle bin 

size = 5 nm, minimum pathlength of 5. Output files were processed with an in-house Perl program 

with an integrated R module for graphing; notably, the program automatically adjusted particle 

concentration to account for the dilution factor, which is not provided by default in the ZetaView 

output files if dilution factors are not set in the software. Result files from this code were also 

produced for graphing and analysis in GraphPad Prism. 

 

3.5.  Protein Extraction and In-Solution Digestion of Proteins and UF-SEC 

Fractions 
Fibroblast cell pellets and SEC fractions were digested using the single-pot solid-phase 

enhanced sample preparation (SP3) for mass spectrometric analysis. Cell pellets were lysed in 1% 

sodium-dodecyl sulfate (SDS) in PBS containing 1:500 dilution of protease inhibitor cocktail (Cat. 

P8340, Millipore Sigma) on ice using a sonicator. Protein concentration of cell lysates was 

determined using a detergent-compatible Bradford assay. Approximately 20 µg of cell lysate 

protein was reduced using dithiothreitol (DTT) and alkylated with iodoacetamide (IAA). These 

lysates were used for SP3 protein extraction using equal amounts of modified carboxylic particles 

(Cat. 65152105050250 and Cat. 45152105050250, GE Healthcare), for a final mass of 100 µg of 

beads per sample. Protein binding was induced by the addition of pure ethanol for a final ethanol 

concentration of 50%. The ethanol and beads were allowed to incubate with protein solutions for 

10 minutes, a rotator revolving approximately 60 times per minute. Samples were placed on a 
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magnetic rack and the beads were left to settle against the side of the tube prior to supernatant 

being removed. Beads with bound protein were washed thrice with 80% ethanol before being 

resuspended in 50 mM ammonium bicarbonate (AMBIC) containing 0.25 µg of sequencing grade 

porcine trypsin (Cat. V511C, Promega). Trypsin aliquots were subjected to a maximum of 3 

freeze-thaw cycles. Tryptic digestion of bound protein occurred overnight, for at least 18 hours, at 

37°C. Digests were removed from the beads and frozen at -80°C until use. 

Protein isolation and digestion occurred similarly for SEC fractions, with the following notable 

modifications. Liquid fractions were spiked with a concentrated solution of SDS containing 

protease inhibitors such that the final concentration of SDS was 1% and protease inhibitor was 

1:500. Protein concentration was unable to be determined using conventional methods, thus, the 

entire sample aliquoted for proteomics was digested at once. Protein reduction and alkylation 

occurred as above, with reduction time being increased to expose the samples to heat for a longer 

period to aid in EV breakdown. Modified carboxylate particles were added such that the final 

concentration of beads during the ethanol binding step was at minimum 0.5 µg/µL, as suggested 

by the authors of the SP3 method when dealing with large-volume and low-concentration 

samples131. All other steps were carried out as described above. 

 

3.6.  Mass Spectrometry 
Frozen peptide digests were thawed then acidified for a final concentration of 0.1% formic 

acid, to give peptide a net positive charge. Acidified cell lysate digests were transferred into clear 

glass autosampler vials with silicone septa. Due to the large quantity of SEC fractions that were 

processed, acidified SEC digests were loaded into 96-well “V-bottom” plates then sealed with foil 

sealers using gentle heat for analysis by mass spectrometry. Plates were siliconized to avoid sample 

loss by adsorption using 10% (v/v) SurfaSil siliconizing fluid (Cat. TS-42801, ThermoScientific) 
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prepared in toluene and baked at 75°C for one hour, then rinsed with ddH2O 134. As the foil sealer 

is not self-closing, digests withdrawn from plates were only sampled once to prevent increases in 

peptide concentration due to solvent evaporation. Vials of 25 mM AMBIC wash blank solution 

were also prepared in autosampler vials with pre-slit septa, and replaced as needed, about every 

month. These were stored at 4°C until loaded into the chilled autosampler. 

Mass spectrometric analysis was performed using an UltiMate 3000 RSLCnano liquid 

chromatography system interfaced with an Orbitrap Eclipse Tribrid mass spectrometer. Analysis 

involved injection ~0.8 μg of the peptide sample onto a 300 µm I.D. × 0.5 mm 3 µm PepMaps® 

C18 trap (ThermoScientific) followed by separation on a 100 µm I.D. × 10 cm 1.7 µm 

BEH130C18 nanoLC column (Waters, Milford, MA, USA) using a 72 min step-wise gradient 

from 6% to 85% solvent B (100% acetonitrile and 0.1% formic acid). The eluted peptides were 

ionized by electrospray ionization for either DDA analysis and the data for MS/MS was acquired 

in the Orbitrap of the instrument on ions with mass-to-charge values between 375 and 1800 at a 

resolution of 60,000 followed by higher-energy collisional dissociation fragmentation and MS2 

scans to acquire further data about peptide identity. All parameters were identical for DIA analysis, 

each MS1 scan was analyzed using 53 windows of 10 m/z in width with 1 m/z overlap covering 

the range from 145 – 1450 m/z using a resolution of 15,000 for MS2 scans. Maximum injection 

time was set to 40 ms with normalized AGC target of 200 %, resulting in a maximum cycle time 

of 2120 ms. To reduce batch-effects at the mass spectrometric level, all samples to be compared 

were run during the same batch, with quality control samples run before and after the samples for 

analysis and biological interpretation.  
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3.7.  Processing of Mass Spectrometry Data 

3.7.1. Data Dependent Acquisition (DDA) Experiments 

RAW files produced by Xcalibur were processed in FragPipe (v22.0), using the ‘LFQ-

MBR’ (Label-Free Quantitation Match Between Runs) workflow135. Briefly, files were processed 

using peak matching precursor and fragment mass tolerance of ±20 ppm, strict tryptic digestion 

and a maximum of 1 missed cleavage per peptide. Peptide length was 7-35 amino acids, with a 

mass range of 500-5000 Da. Fixed modifications included alkylated cysteine (+57.02146 Da) and 

variable modifications included oxidation of methionine (+15.9949 Da) and acetylation of peptide 

N-termini (+42.0106 Da). 

3.7.2. Data Independent Acquisition (DIA) Experiments 

Due to the experimental design of our DIA method, output RAW files are generally 

incompatible for direct processing with many proteomics analysis tools, as the MS isolation 

windows are staggered with a small m/z overlap with the adjacent window. Using MSConvert 

version 3.0.23227-d5af1be)136, RAW files were demultiplexed and outputted as mzML files using 

the following parameters: peakPicking vendor msLevel=1- , zeroSamples removeExtra 1- . 

Identification and quantification occurred using DIA-NN with spectral library, via the FragPipe 

graphical user interface137. All settings were turned off, except for “Quantify with DIA-NN” under 

the Quant DIA tab, FDR was set at 0.01%, with “Robust LC (high precision)”. 

3.7.3. Offline Generation of Spectral Libraries for DIA Data Processing 

Spectral libraries were generated using MSFragger DIA through the FragPipe interface137. 

RAW DDA files and DIA mzML files were processed using peak matching precursor and 

fragment mass tolerance of ±20 ppm, strict tryptic digestion and a maximum of 1 missed cleavage 

per peptide. Peptide length was 7-35 amino acids, with a mass range of 500-5000 Da. Fixed 

modifications included alkylated cysteine (+57.02146 Da) and variable modifications included 
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oxidation of methionine (+15.9949 Da) and acetylation of peptide N-termini (+42.0106 Da). The 

final library contained 5306 proteins. 

 

3.8.  Post Processing and Statistical Analysis of Peptide Lists 
DIA-NN peptide output files (report.pr_matrix.tsv) were filtered using Microsoft Excel 

(Version 2411) to include only peptides that were not common or custom contaminants within the 

spectral library, were uniquely mapped to a single protein, and were quantified at least three times 

in independent samples. This filtered list comprising of protein name, peptide sequence, number 

of times quantified and MS/MS intensity values per sample was exported to a tab-separated file 

for further processing. 

For the processing of whole-cell lysate (WCL) data, a custom-developed R script was used to 

normalize peptide intensities using median normalization and to impute missing intensity values 

using the Perseus method138. Perseus-style imputation replaces missingness by a value pulled from 

a normal distribution with a downshift of 1.8 standard deviations from the median of observed 

values with a width of 0.3 in the log2 space. Various quality control plots were also produced to 

assess data integrity and monitor modifications to intensity distributions throughout the data 

processing pipeline. Peptide-level data was then aggregated to a protein-level summary by the 

summation of the top three most intense peptides per protein as is common in mass spectrometry-

based proteomics.  

Analysis of pooled and individual UF-SEC fractions was performed using the FragPipe-

Analyst tool with the DIA-NN protein group output files (report.pg_matrix.tsv)139. Analysis 

parameters used were as follows: Data Type, DIA; Normalisation type = no normalization; 

Imputation type = Perseus-type; Type of FDR correction = Local and Tail area-based.  



27 

 

Differential protein expression analysis for WCL occurred using volcano plots generated in R, 

where fold change and p-values corrected using the Benjamini-Hochberg method were computed. 

Differential expressions were deemed significant if fold change was equal to or greater than 2, 

with an associated corrected p-value of less than or equal to 0.05.  Details about specific R 

packages and their implementations are available as Supplemental Table 1. UF-SEC volcano plots 

were generated using the output of FragPipe-Analyst. 

 

3.9. Manual Validation of Mass Spectrometric Data 
Proteins of interest were manually validated using the Skyline software from The MacCoss 

Lab140. Peptides identified using FragPipe were added to the targets tab, or FASTA formatted 

protein sequences were imported into the software for in-silico tryptic digestion, then RAW (DDA) 

or mzML (DIA) files were imported137. Manual validation occurred at the MS2 level (fragment 

ion / peptide fragment), which was then mapped to an MS1 peak (parent ion / peptide). At least 

one sample from the set of files analyzed was required to have an MS2 fragmentation pattern of at 

least three strong fragments for peak identification, and subsequently the signal needed to map to 

an MS1 peak for quantification. When MS2 signals were not observed in a file, the appropriate 

peak was identified using the MS1 spectrum, and nearby MS1 “reference peaks”. To assist in the 

manual selection of peaks, Skyline ion match tolerance was set at 0.5 m/z, which functions to 

highlight product ions in the experimentally collected spectra to what was theoretically calculated 

for interpretation by the human rater. 

 

3.10. Statistical Analysis of Manually Validated Proteomics and in vitro Data 
Statistical analysis was performed using GraphPad Prism Software (GraphPad Software Inc). 

Data are presented as mean ± SD. Data was compared using the Student’s t-test following the 
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assessment of normality by the Shapiro-Wilk test. Comparisons between multiple groups were 

performed using a one-way ANOVA (analysis of variance) test followed by Tukey’s post-hoc 

correction, after normality was assessed following the Shapiro-Wilk test. The threshold for 

statistical significance was set at p-value ≤ 0.01, and P values are reported wherever appropriate. 

This paragraph describes the statistical analyses used unless explicitly or otherwise noted in the 

figure and / or table caption. 

3.11. Bioinformatics and Network-Based Analysis 
Gene ontology enrichment analysis searches were performed using the STRING application141 

within Cytoscape142 against all databases. Redundant term removal was set at 0.5, while only terms 

with p-values ≤0.001 were deemed significant for graphing in GraphPad Prism. Using Cytoscape 

and STRING, physical protein-protein interaction (PPI) maps were generated for the EV protein, 

with the PPI confidence threshold set at 0.95. 
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4. RESULTS 

4.1. Optimization of HGPS EV isolation and proteomics methods. 

4.1.1. Optimizing conditioned media processing for proteomics analysis of EV 

isolates. 

The study of EVs, from biofluids, conditioned cell culture media, or other sources requires 

a method to isolate the particles for various physical and molecular characterization 

experiments107. In the context of this project, it was determined that the fibroblast cells derived 

from HGPS patients were incompatible with true FBS starvation down to 0% (data not shown). 

The result of such starvation lead to cell death before the required 48 hours of media 

conditioning for EV collection, no assessment was performed to determined the method of cell 

death which was observed. This was, somewhat expected as serum depletion is sometimes 

used as a method to synchronize cell cycle for certain cell biology applications143. However, 

others have reported success in serum starvation of similar HGPS cell lines for up to 48 

hours144. As the HGPS fibroblasts in cell culture may likely form at least two distinct 

populations, either replicative or senescent; removal of serum may have been a sufficiently 

stressful stimuli to induce irreversible changes in the culture that may culminate in 

apoptosis145. Indeed, results presented by others, such as SA-β-Gal staining, may support the 

two-population hypothesis146,147. Furthermore, the increased cell death observed in these 

cultures would increase the burden of contaminating apoptotic bodies and other forms of 

cellular debris in the final EV isolate. It was determined that serum reduction down to 5% FBS 

(from supplementation at 15% under normal culture conditions) was the minimum serum 

requirement without significant modification in cellular, and presumably, EV phenotype. The 

latter was not tested by our laboratory but reported by others148–150. 

The reduction in serum served a twofold purpose, first to reduce the amount of 

contaminating protein aggregates which may be of serum origin, or artefactually produced by 
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sample handling which complicates NTA data acquisition and to reduce the protein 

contamination for mass spectrometric analysis. The first challenge could have been addressed 

by detergent-based differential solubilization methods, which would leave EVs intact and 

solubilise protein, but is not an accepted method to purify EVs from any biological sample, 

despite being a useful method for optimising EV size measurement151,152. Secondly, the 

reduction of FBS in CM was required due to the high abundance of contaminating protein of 

bovine origin, like albumin (ALB), which hinders effective protein identification and 

quantification by MS153. It is generally accepted that the concentration of protein in heat-

inactivated FBS is approximately 3 mg/mL, however, this estimate was found to be 

conservative as the experimentally determined protein concentration in this project was found 

to be near 6 mg/mL (data not shown). Therefore, CM containing 15% FBS may have up to 0.9 

mg/mL of contaminating protein, producing a complex sample matrix.    

A final source of contamination that was relevant was bovine-derived EVs154. This was 

mitigated using in-house prepared EV-free FBS, which is cost-effective when compared to 

commercial alternatives and simple to produce by ultracentrifugation of FBS at 100,000 xg for 

4 hours, as suggested by MISEV and consistent with protocols reported by others106,107,148. The 

lack of bovine-specific sequences for EV markers, notably CD63, CD9, PDCD6IP (ALIX), 

TSG101 and CD81 was confirmed by data dependent mass spectrometric analysis of 

concentrated FBS, produced in a way that mimics the optimal method of EV isolation 

described in detail below (Figure 3A) 109. As expected, ALB dominated the protein list, 

followed by gelsolin (GSN); proteins from the complement system and serine protease 

inhibitors (SERPIN*) were also identified and consistent with what is known about FBS.  

Human EV protein markers (Figure 3B) were absent and validated using parallel reaction 
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monitoring mass spectrometry (PRM-MS, data not shown).  Additional data on the FBS 

proteome are presented in Supplemental Table 2. 

  



32 

 

 

Figure 3: Proteomics of extracellular vesicle-free fetal bovine serum. 

(A) List of proteins identified in EV-free FBS sorted in descending order of “Proportion of LFQ Intensity”. Proteins 

that contributed less that 0.1% of the total LFQ intensity are not included in this table. (B) The top 20 most reported 

EV markers per Vesiclepedia109. (C) Venn diagram demonstrating the overlap of the FBS proteome (red) and the top 

20 of the most reported EV markers per Vesiclepedia (blue). The only common protein between both datasets was 

ACTB. 
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4.1.2. An optimized EV isolation method for deeper proteome coverage. 

Next, I was interested in determining an optimal EV isolation method for HGPS cellular and 

EV proteome. For this project, we defined an optimal method as one that produces a high number 

of protein identifications using the commonly available academic license software FragPipe, with 

a filtering threshold of 5% false-discovery rate137. However, to improve my ability to provide 

biological interpretation of the data, I also sought to identify a method which would have a large 

number of high-confidence protein quantifications using software and manual validation 

techniques, such as Skyline140. I tested three methods of EV isolation from CM that are compatible 

with mass spectrometry, namely ultracentrifugation (UC)155, size exclusion chromatography 

(SEC) and ultrafiltration size exclusion chromatography (UF-SEC). These methods are commonly 

reported in studies requiring EV isolation, and internal, unpublished datai from our lab suggests 

that these produce the highest purity EV isolates for mass spectrometric analysis107. Furthermore, 

these UF and SEC-based methods are MS compatible, in contrast to polyethylene glycol (PEG) 

and other polymer precipitation workflows which are deployed in kit formats and require 

additional cleanup steps due to poor removal of contaminating proteins, which may result in the 

increased loss of sample. I did not assess density gradient ultracentrifugation methods in this 

project, however, this method is a commonly used alternative156. 

 To ensure the most comparable data as possible, the experimental design consisted of 

dividing a single large volume of media into three aliquots, while using identical input volumes 

for each SEC method (Figure 4A). DDA was used for this initial assessment, as I expected it to 

produce a more conservative number of protein identifications when compared DIA. 

 
i Data acquired by Alexandra Star with Arsalan Haqqani and Jagdeep Sandhu. Size exclusion chromatography 

(SEC) outperforms many kit-based EV isolation methods. Manuscript in preparation by Star et al. 
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 Preliminary assessment of the CM with and without ultrafiltration led to an approximate 

100-fold increase in protein concentration (Figure 4B), and 1000-fold increase in particle count 

(Figure 4C), suggesting a relative enrichment of particles of about 10-fold. The expected 

concentration factor would be 160-fold, as 40 mL of conditioned media was concentrated down to 

250 μL. There was little difference in the size distribution of the particles before and after 

ultrafiltration, suggesting this manipulation doesn’t bias towards a specific subpopulation of 

particles (Figure 4C). MS analysis of the 16 SEC fractions of conditioned media without prior 

concentration led to a total of 133 protein IDs, of which 15 were EV markers as indexed on 

Vesiclepedia; no tetraspanins were observed (Figure 4D and E). However, when concentrated 

media was subjected to SEC (the UF-SEC method), 730 proteins were identified which is 

equivalent to an increase of over 300%, of which 95 were listed in the top 100 Vesiclepedia  EV 

markers, including tetraspanins CD9, CD63 and CD9. Intermediate to these two extremes was UC, 

which led to the identification of 85 EV markers, lacking YWHAZ (14-3-3ζ) and chaperonins. An 

increase in non-EV proteins was also observed with respect to the UC method. With this data, I 

concluded that UF-SEC would be the optimal method to pursue for detailed analysis of the 

insoluble HGPS secretome, as it offered relative enrichment of particles with respect to protein, 

and an increase in EV marker identification.  
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Figure 4: Comparing EV isolation methods.  

(A) Workflow of EV isolation methods. (B) Comparison of the protein concentration by Bradford assay and (C) 

nanoparticle concentration by nanoparticle tracking analysis in concentrated and unconcentrated conditioned 

fibroblast media. Points are experimental data while the line is a log-normal fit to the experimental data. (D) Plot 

quantifying the number of protein (red) and EV markers (purple) using each method. (E) Representative list of top 

EV markers identified by each method. Data was acquired as n=1 biological replicate. MSFragger was run at 20 ppm 

mass tolerance for database searching. SEC and UF-SEC contain pooled data from 16 mass spectrometric runs 

representing fractions 1-16. 
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4.1.3. Characterization of the SEC fractogram to identify fractions enriched with EVs. 

As the UF-SEC method was identified as the most optimal approach of detecting EV proteins 

in the CM, I sought to better understand the composition of each fraction and target specific subsets 

for further detailed analysis. Using the Izon qEV Single 35nm Gen2 commercially available SEC 

columns, I was able to recover approximately 80% of the input protein when collecting 25 fractions 

and quantifying protein using the standard Bradford method. Protein loss is likely due to binding 

to the column resin; phenol red elution in fractions beyond 16 may also interfere with protein 

quantification using this technique. However, as the EV-containing fractions contain a very low 

amount of protein, and given the small size of phenol red, utilization of phenol red-free media 

strictly for this assessment was not warranted. 

An increase in particle concentration and decrease in particle size was observed starting in 

fraction 6 (Figure 5A and C), which is approximately where sample loaded onto the resin bed 

begins to elute due to column volume. This is expected as larger particles should elute first, 

whereas smaller particles are retained in the resin for longer. Along with this, EV-specific markers 

begin to elute in the sixth fraction (Figure 5B). When considering the recommendations suggested 

by the MISEV 2023 statement, our samples were unsurprisingly contaminated with blood-derived 

bovine proteins associated with the EV corona (i.e., complement factors), adhesion molecules 

recovered with EVs, and potentially exomere or supermere species107. Specific attempts at 

recovering adequate numbers of exomeres and supermeres from the UF-SEC fractions for 

proteomic analysis were futile, successful isolation of these particles in this disease could have 

been an interesting addition to the field. However, no specific attempts were made to establish 

standard protocols for the isolation of these NVEPs157,158. Notably due to the small sample size, 

the non-vesicular nature of these particles, the lack of specific functions associated to them, and 

their limited relevance in extracellular particle research, they were deemed out of scope for this 
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project157,158. Inclusion of these NVEPs in future studies may be meritorious to gain deeper insight 

into these particles as the field is still nascent. Further discussion about the isolation of NVEPs is 

included later (Section 5.1). A non-exhaustive list of selected markers in each protein content-

based EV characterization categories from MISEV 2023 is presented as Supplemental Figure 2, 

which shows presence of both surface and cargo EV proteins in fractions 6-10.  

In fraction 10 and beyond, protein content increased due to the elution of soluble proteins from 

the SEC column, mainly from contaminating bovine proteins, such as bovine serum albumin 

(BSA, Figure 5B). Attempts at differential solubilization of proteins while keeping membrane-

bound vesicles intact, as suggested by Osteikoetxea and colleagues, were unsuccessful, and 

fractions beyond 14 were not assessed by NTA152.  From this data, I considered fractions 6-10 as 

the purified collection volume (PCV) for EVs, to be assessed in greater detail for biological 

interpretation in subsequent experiments. 
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Figure 5: Identifying EV-enriched SEC fractions.  

(A) Fractogram of protein concentration (n=2, maximum = 12.2 mg/mL) and particle count from NTA expressed as a 

percent of maximum. (n=6, maximum= 112.5*1010 particles/mL). (B) Mean particle size in each fraction as 

determined by NTA. Data is presented as mean ± SD, if bars are not shown, they are smaller than the point size or 

n=1. The yellow area represents the purified collection volume, which contains EVs. Fractions beyond 14 were not 

analyzed by NTA due to the increase in protein contamination. (C) Count of EV markers as indexed on Vesiclepedia 

(n=1, maximum=59 markers) and number of spectral counts of contaminating bovine serum albumin peptides (n=1, 

maximum= 4322 spectral counts). The instrument’s detector was likely saturated with BSA peptides in fractions 

beyond 15. 
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4.2. An optimized mass spectrometric method for low-protein samples 
The next experimental parameter to optimize was data acquisition by mass spectrometry. I 

tested two distinct data acquisition schemes, data dependent acquisition (DDA) and data 

independent acquisition (DIA). A graphical representation of each scheme is demonstrated in 

Supplemental Figure 1. 

4.2.1. Comparing acquisition methods in whole cell lysate 

I first started with whole cell lysates (WCL), to test the two methods in samples where I could 

confidently quantify protein and mass loaded onto the liquid chromatography column that was 

interfaced with the mass spectrometer.  

DDA demonstrates (Figure 6A and C) good MS2 fragmentation patterns, like that of parallel 

reaction monitoring (PRM), which has emerged as a gold-standard for targeted quantitative 

proteomics159. However, when comparing the number of points across the MS2 chromatographic 

peak, DIA outperformed DDA (Figure 6B and D).  Despite observing a good fragmentation pattern 

at MS2 with DDA, the peak areas of the precursor ions at MS1 for low abundant peptides were 

poor and not quantitatively reliable. PRM showed superior results compared to both methods 

(Figure 6). However, PRM is not suitable for large scale discovery proteomics, as it is much lower 

throughput than DDA and DIA, making it more suitable for targeted validation.  

When performing large scale proteomic experiments and exploratory data analysis, automated 

software packages are used to pick peaks and quantify peptides and protein from mass 

spectrometric data files160. This becomes increasingly challenging when considering the presence 

of missing values, which may be the result of a biological difference or instrumental limitations161. 

When comparing DDA and DIA methods using HGPS and healthy controls (HC) cells lysates, the 

missingness was notably higher in DDA (Figure 6E).  This difference suggests that in WCL, DIA 
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provides more consistent coverage, making it the superior untargeted proteomic method in these 

experimental conditions. The higher missingness in DDA may affect data reliability and 

completeness, highlighting the advantages of DIA for proteomic analyses. 

  



41 

 

 

 Figure 6: Comparing the quality of mass spectrometry results among different acquisition methods.  

(A) Representative MS/MS spectra from tryptic peptide WAAVVVPSGQEQR and the (B) MS/MS chromatogram of 

the same peptide. (C) Representative MS/MS spectra from the tryptic peptide AYLEGT[C]VEWLR with 

carbamidomethylation (alkylation) of cysteine residue. (D) MS/MS chromatogram. MS/MS spectra are from the 

chromatographic peak apex (black arrow). (E) Proportion of missing values produced by FragPipe quantification 

(n=8). A paired t-test was used to compute the p-values. Digests from WCL were used for these analyses. **** p-

value < 0.0001. 
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4.2.2. Comparing acquisition methods in UF-SEC fractions 

Given the differences in the sample matrix between WCL and UF-SEC fractions, along with a 

notable difference in the quantity of peptide loaded onto the LC column during LC-MS/MS 

analysis, it was valuable to assess both DDA and DIA in the context of UF-SEC before deciding 

on the optimal method. From the data presented in Figure 4, and similar data not shown, I 

hypothesized that DIA would remain superior to DDA in terms of protein identifications in 

samples with low protein abundance. To test this hypothesis, I analyzed fractions 6-10, 

corresponding to the PCV established in Figure 3, by DDA and DIA. To ensure a fair comparison, 

files from the same method were analysed together in FragPipe against the same custom human 

UniProt proteome with FBS contaminating protein sequences spiked in129,160. Match-between-runs 

(MBR) was allowed to maximize protein IDs162. DIA without an a priori generated spectral 

library, where the DIA files were used to both generate the library and subsequent quantification 

proved to identify less protein with respect to DDA (Figure 7A). Missing values remained largely 

similar for both methods (Figure 7B). However, when building a library with WCL data and the 

DIA to be used for quantification, greater number of proteins were identified in the PCV with 

respect to DDA (Figure 7A) with little change in missingness (Figure 7B). Using DIA, raw protein 

intensities were approximately one order of magnitude lower when compared to DDA (Figure 7C), 

because DIA (and PRM) intensities are from fragment ions (MS2) while DDA intensities are from 

precursor ions (MS1). From this data, I concluded that DIA, when using a spectral library 

containing all data collected during this project, would be the most suitable acquisition method for 

proteomic analysis of samples containing low amounts of protein.  
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Figure 7: Comparing DDA and DIA in UF-SEC Digests. 

(A) Number of proteins and EV markers quantified using DDA and DIA. (B) Proportion of missing values in each 

UF-SEC fraction for each method. (C) Correlation between raw intensities of DIA and DDA for fractions 7, 8 and 9. 

(D) Schematic workflow for processing mass spectrometer output files (green) and FASTA protein sequence files 

(yellow) into spectral libraries. In the first step, a background of contaminating FBS protein is identified. In the second 

step, FragPipe is used to download the human proteome FASTA file, with our custom FBS contaminants “spiked-in” 

along with the common contaminants (ex: porcine trypsin) and tools within FragPipe are used to generate the final 

spectral library for DIA data processing. (F) Number of files used for generation of each of the spectral libraries. (F) 

Number of precursor ions and proteins (G) represented in each library Abbreviations: Comm. Contam. Common 

contaminants; Spec. Spectrometry. 
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4.2.3. Building spectral libraries for DIA data processing from experimental data of 

diverse sample types 

As proteomic analysis of UF-SEC fractions using DIA data acquisition and a spectral 

library built from previous results was determined to be the most effective method of identifying 

protein in the sample, I sought to investigate the effects of using different result files (from WCL 

and UF-SEC fractions) on the final library. The goal was to identify if including result files from 

different sample types yielded a measurable and significant difference in the library. The workflow 

for library generation is presented in Figure 7D. Briefly, using knowledge of the FBS proteome 

(Supplemental Table 2), I was able to produce a customized, project-specific set of contaminants 

to append to the “common contaminant” list provided by Fragpipe (i.e., porcine trypsin). Then this 

list of contaminants, along with human protein sequences and decoys (reverse protein sequences) 

for FDR calculation, was used as a custom sequence database (41214 entries, 50.0% decoy) for 

spectral library generation. 

Using only UF-SEC DIA files lead to a library containing approximately 10,000 precursors 

covering 701 proteins (Figure 7F and G). Adding WCL data allowed for a large increase in 

identifiable proteins, which are cell-lysate specific proteins. When combining WCL data with EV 

data, the library size increased by 162 proteins, most of which were enriched in EVs. Therefore, 

including both data from WCL and EVs in the spectral library will allow for the identification of 

positive EV markers such as tetraspanins, and negative EV markers like GM130 a protein of the 

Golgi apparatus. In this project, the added time cost of the extra mass spectrometric runs was 

negligible, as no runs were explicitly for the purpose of library generation, as is common with 

other spectral library generation methods such as using peptide pre-fractionation for samples 

designated for library generation and no biological interpretation. Given these results, I selected 

the largest library, as I wanted the ability to quantify the greatest number of proteins as possible. 
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This decision also allows the inclusion of cellular protein in the library, permitting some 

determination of EV preparation purity. 

 

4.3. Application of optimal methods to analyze proteomes of HGPS fibroblasts 

and EVs 
With Aim 1, and method development work completed, analysis of biological data was of 

prime importance to complete Aim 2. An understanding of cellular protein expression can help 

guide further inquiry into EV proteomic studies. Therefore, I decided to first investigate the protein 

expression in the fibroblasts used to produce these EVs. This, study includes two HGPS patient-

derived immortal cell lines and two from healthy, aged-matched controls (Methods, Table 1).  

4.3.1. The proteome of HGPS fibroblast WCL 

My first goal was to establish a global understanding of protein expression. This analysis 

was completed while keeping both HGPS patient data separate, as HGPS-01 has an atypical 

HGPS genotype with uncharacterized mutation, whereas HGPS-02 has the classical LMNA 

nucleotide C2036T substitution in the region coding for exon 11, leading to the activation of a 

cryptic mRNA splice site and a 50 amino acid deletion at the protein level74. Each patient had 

a similar number of dysregulated proteins, with a comparable number of up- and down-

regulated proteins (Figure 8A and B). To further investigate these differences, a heatmap was 

generated using the normalized and imputed protein intensity data for the significant proteins 

identified in the volcano plots. As shown in Figure 8C, there were two large categories of up- 

and downregulated proteins. The upregulated proteins were more evident in the classical HGPS 

fibroblast cell line. The dysregulation we have identified is consistent with previous results 

presented by others, such as in WNT5A163. Some other dysregulations were novel or unable to 

be identified in the progeria literature. This analysis also revealed, despite some dysregulation 
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observed in our data was not significant in both HGPS patients, the change in most of these 

proteins were similar in both cases.  Enrichment analysis, with redundant terms removed, 

showed that proteins with increased expression in HGPS were associated with organelles and 

endomembrane systems, while proteins with decreased expression were linked to the 

extracellular space and matrix (Figure 8D and E). 
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Figure 8: The proteome of HGPS Fibroblasts WCL.  

(A) Volcano plot of HGPS-01 and (B) HGPS-02 with respect to average data for HC demonstrating differential protein 

expression. Significance was set at 2-fold change and a p-value of 0.05 (C) Heatmap of differentially expressed protein 

for each patient. The dendrogram was generated following clustering of columns (proteins) using complete linkage 

clustering and Euclidian distance calculation to reveal patterns in protein expression, while the rows (cells) were not 

clustered. For cells (row) labeling, 01 and 02 are HGPS while 07 and 08 are healthy cells. The numbers after cell 

number (e.g., 01-1, 01-5) represent replicate numbers. (D) Enrichment analysis of ontology terms upregulated and (E) 

downregulated in HGPS fibroblasts. Enrichment analysis was performed using the STRING App in Cytoscape with 

redundancy removal set at 0.5. P-values for all terms were all significant at a maximum p-value of 0.01. 

     
     

       

     

        

    

    
     

    

     

      

    

    

     

     

   
            

     

      

          

      

     
    

    

     

     

     

      

      

     

     

                            

     

      

       

   

     
     

    

    

     

 

 

 

 

                 

                

 
 
 
 
 
 
  
 
 
 
  
 
 

           

    

     

       

      

      

     

     

    

       

      

       

      

    

      

    

   

    

     

     

     

       

      
     

     

       

   

    

     

     

     
     

     

    

      

   

        
    

    

    

    

     

   

     

          

    

      

    

        

        

      

       

      

     

      

 

 

 

 

                 

                

 
 
 
 
 
 
  
 
 
 
  
 
 

           

 
  

 
 
  

0 10 20 30 40 50

Extracellular space - GO:0005615
Cytoplasm - GOCC:0005737

Extracellular organelle - GOCC:0043230
Valine, leucine and isoleucine degradation - hsa00280

External encapsulating structure - GOCC:0030312
Keratin filament - GOCC:0045095

Endoplasmic reticulum - GO:0005783
Organelle subcompartment - GO:0031984

Coated vesicle - GOCC:0030135
Secretory granule - GO:0030141

Endomembrane system - GOCC:0012505

UP in HGPS

Number of Proteins

E
n

ri
c
h

e
d

 T
e

rm
s

0 10 20 30 40

Focal adhesion - GO:0005925
Collagen-containing ECM - GOCC:0062023

Actin filament bundle - GO:0032432
miRNA targets in ECM and membrane receptors - WP2911

Cell adhesion - GO:0007155
Syndecan interactions - HSA-3000170

TGF-β signaling for MET - WP3859
Protein binding - GO:0005515

Extracellular space - GO:0005615
Integrin binding - GO:0005178

beta-Alanine metabolism - hsa00410

DOWN in HGPS

Number of Proteins

E
n

ri
c
h

e
d

 T
e

rm
s

A B

C

D E



48 

 

Upon closer investigation of specific protein subclasses (keratins) and protein with distinct 

subcellular localisation (lysosome and mitochondria), datasets appeared to be well normalized. 

KRT18, which has been shown to be upregulated at the transcriptomic level by others163, was 

greatly upregulated in HGPS-02 and trended upwards in HGPS-01 with no change in another 

basic keratin isoform (KRT9, Figure 9A). β-galactosidase (GLB1) appeared upregulated in 

HGPS-02, while cathepsin C was increased in HGPS-01 (Figure 9B). Increased β-

galactosidase staining is a marker of cellular senescence (SA-β-gal), which has been linked to 

its increase and accumulation in the lysosome of senescent cells58. It is of note, that my 

proteomic method cannot determine if the increased GLB1 is indeed within the lysosomal 

compartment. Lastly, changes in mitochondrial protein expression, with structural and 

enzymatic importance has also been observed (Figure 9C); although, these are not directly 

related to oxidative phosphorylation which is decreased in HGPS164. Differential protein 

expression was also observed in glutathione S-transferase (GST) proteins and peroxiredoxins, 

proteins with important roles in the management of oxidative stress (Supplemental Figure 3A). 

A network-based analysis linked these changes to TP53 (p53), a protein which is important in 

senescence and NF-κB, however, these proteins were not quantified, potentially due to low 

abundance. Overall, I have identified protein dysregulation that is consistent with previously 

reported changes in HGPS, along with some novel differences, thus, my dataset may be useful 

for an integrative analysis with EV proteomic data. 
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Figure 9: Examples of protein quantification in HGPS fibroblasts.  

(A) KRT18 is upregulated, while other acid and basic keratins remain unchanged. (B)  Lysosomal GLB1 and CSTC 

are upregulated in specific HGPS patients. (C) Many mitochondrial proteins with various functions are consistently 

upregulated in each HGPS patient. Each point is one independent biological replicate. Statistical significance was 

computed using a one-way ANOVA comparing HGPS patients against HC, with Dunnett’s post-hoc test for multiple 

comparisons. Only significant p-values <0.05 were graphed. Statistical significance is indicated as * p<0.05, ** 

p<0.01, ***p<0.001, **** p<0.0001.  
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4.3.2. The Proteome of HGPS extracellular vesicles. 

As I gained an understanding of the protein landscape within HGPS fibroblasts, I then 

investigated the proteome of HGPS fibroblast-derived EVs in comparison to HC. To do this, UF-

SEC fractions were individually digested as optimized above, pooled, and run on an Orbitrap 

Eclipse operating in the DIA mode. All file processing occurred using the largest spectral library 

produced above.  

The overall proteome of the HGPS EVs was found to contain 1586 proteins. There were 

few proteins with differential expression, and most of these significant proteins were different 

between the two HGPS patients (Figure 10A and B). EFR3A, a protein that regulates 

phosphatidylinositol 4-phosphate was downregulated in HGPS-01. CLPTM1 was also 

downregulated and has been identified as a lipid scramblase. HGPS-02 expressed less CEMPI2, a 

protein with hyaluronidase activity, with respect to HC. These results suggest that these HGPS 

EVs may be interacting with their extracellular environment differently, as there appears to be 

dysregulation in lipid membrane metabolic processes. No HGPS EV lipidomic studies have been 

reported to date in the literature.  

A significantly larger number of proteins were found to be upregulated in both HGPS cell 

lines (Figure 10A and B). HGPS-02 had upregulated amyloid-precursor and amyloid precursor-

like 1 protein (APP and APLP1), proteins involved in extracellular amyloid plaque formation in 

neurodegenerative diseases. However, this is a pathology that is unreported in HGPS165. Netrin-4 

(NTN-4), a protein previously correlated with increased immune infiltration in breast cancer, was 

also upregulated166. Serglycin (SRGN), a protein which is strongly linked to pro-inflammatory 

environments in brain and tumor microenvironments was also found to be upregulated in HGPS-

02167,168. 
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 Overall, there was notable representation of proteasome and ribosomal proteins (Figure 

10C). The identification of proteins annotated with the MVB subcellular localization may suggest 

that a specific subpopulation of these EVs may be exosomes. Indeed, upon further investigation 

into the data, at the fraction-wise level, reveals a peak of MVB protein in fraction 8.  
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Figure 10: The proteome of HGPS EVs.  

(A) Volcano plot of fibroblast-derived EVs from HGPS-01. (B) Volcano plot of fibroblast-derived EVs from HGPS-

02. Significant protein, defined using a 2-fold change and adjusted p-value threshold of at least 0.05, are labeled. (C) 

Physical protein interaction (PPI) network generated in the STRING app, within Cytoscape. All 1586 proteins 

identified in the pooled PCV were imported into Cytoscape, with PPI confidence of 0.95. The final network contains 

460 nodes (protein) and 2282 edges (interactions), representing the largest subnetwork, to reduce graphical burden.  
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4.4. Key findings from the HGPS proteome 

4.4.1. Integration of HGPS WCL and EV proteomics data to identify proteins of 

interest 

Multiomic data integration has been an area of active research in recent years due to the 

democratization of omics technology, data workflow, and data availability. Another important 

factor has been the push towards a systems understanding of biology. The data collected in my 

project is the most amendable to horizontal integration or homogeneous meta-analysis, that is 

combining data from the same type of biomolecule169. Traditionally this sort of method would rely 

on data collected using different enrichment methods such as phospho- and acetyl-proteomics, 

however, my methods enriches two distinct fractions, cellular protein (WCL) and extracellular 

vesicle protein (EV).  

My first attempt at integration was using a ratio-based approach, by comparing fold-changes 

of proteins identified in both the WCL and EV datasets, regardless of individual significance 

levels. As expected from the previous data collected in this study (Figure 8C,10A and B), HLA-C 

was upregulated in both datasets (Figure 11A and B). This analysis produced 4 distinct groups of 

proteins, upregulated and downregulated in both WCL and EVs, and two groups where the 

direction of change in WCL and EVs is discordant. Interesting subsets of protein were identified, 

specifically related to immune function. To further facilitate data interpretation and generalization, 

average fold-changes for WCLs and EVs were computed (Figure 11C), this removes proteins 

which shows discordance in fold change directions, which were generally small in the initial 

analysis and may not be the best representation of altered protein expression in HGPS. Following 

this manipulation, HLA-C remained significant, along with proteins such as CD9 which is an EV 

marker and has been previously linked in inflammation170. 
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Figure 11: Horizontal multiproteomic data integration reveals protein targets common to HGPS fibroblasts 

and HGPS EVs.  

(A) Fold change plot of HGPS-01 WCLs and EVs . (B) Fold change plot of HGPS-02 WCLs and EVs. (C) Average 

fold-changes were computed for both groups in A and B, then plotted again to reduce the number of proteins, biasing 

towards protein which move in the same direction while reducing the number of proteins with discordant expression 

in each dataset. 
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4.4.2. HLA-C is upregulated in HGPS WCL and EVs 

Manual validation of the MHC-I class peptides in both WCL (Figure 12A) and EVs (Figure 

12B) using the Skyline platform confirmed upregulation of HLA-C, and no differential expression 

in other HLA paralogs. HLA-G appeared upregulation in HGPS-02, but the potential for statistical 

significance was lost as the peptides were not detected in half of the samples. The associated light 

chain for MHC-I, β2M, demonstrated little differences in HGPS when compared to HC. Similarly, 

HLA-C and G appeared upregulated in HGPS fibroblast-derived EVs. All peptides used to 

quantify HLA-C were extracellular, but did not contain the N-linked glycosylation site, which is 

important for protein localization. Glycosylation analysis of the N-linked peptide was not 

performed. As the MHC-I locus contains many HLA paralogs, each with individual alleles that 

vary between individuals, the exact allele is important in the study of MHC-I protein. No previous 

data has been generated about the specific alleles of our patient derived samples, and this was 

unassessed by our mass spectrometric methods. Others have reported upregulation of many MHC-

I protein in chemotherapeutic agent-induced cancer cell senescence, using immunochemical 

methods which target HLA-A/B/C, but no methods targeting a single paralog171,172. A PRM 

assessment of HLA-C, and other MHC-I proteins produced the same results. Initial data from a 

male HGPS patient of black descent also demonstrated patent upregulation in EV-associated HLA-

C , which may suggest that HLA-C upregulation is intrinsic to HGPS (data not shown). 
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Figure 12: Upregulation in HLA-C is consistent in WCL and EVs. 

(A) HLA-C is upregulated in HGPS WCL, while HLA-G, appears upregulated in HGPS-2. No differential expression 

is observed in other MHC-I paralogs or β2M light chain. A one-way ANOVA was used to compute p-values; 

insignificant p-values are not shown. (B) HLA-C and HLA-G appear upregulated in HGPS EV lysates from fraction 

6-9 (inclusive). Fraction 10 was unassessed due to poor peak quality, likely due to low abundance. The student’s t-

test was used to compute p-values. Manual validation was performed in Skyline. 
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5. DISCUSSION 

5.1. An optimized method for EV isolation from HGPS fibroblasts. 
As EVs have gained traction across many subfields in biomedical science, as biomarkers, 

therapeutic delivery vehicles or as mediators of disease spread, many researchers are increasingly 

interested in purifying EVs from different sources. Since the identification of “platelet dust” almost 

80 years ago, a plethora of methods have been developed for EV isolation 103. A key first step is 

the removal of cells and cellular debris, generally achieved through centrifugation; from this point, 

numerous methodologies exist. When designing an EV experiment, researchers must consider their 

endpoint analyses and intended applications, such as transcriptomics, proteomics, 

immunoblotting, intact vesicle immunolabelling, co-culture or in vivo experiments such as 

adoptive transfer of EVs, and vesicle bioprinting173,174. Many studies comparing EV isolation 

methods emphasize the biological sample used as the source material, such as plasma or cell 

culture media175,176.  Each combination of sample type and endpoint analysis presents unique 

challenges, for example, the limited availability of donor biofluids from biobanks176, or the 

stringent purity requirements for therapeutic EVs.  

In this project, I investigated the proteomic landscape of HGPS fibroblast-derived EVs grown 

in cell culture, containing FBS. While preparing for this study, I optimized my EV isolation 

approach by drawing inspiration from cell culture-derived and blood-derived EV isolation methods 

to minimize FBS contamination before LC-MS/MS analysis. I chose not to use serum depletion 

kits, as some studies have reported the loss of certain EV markers following this step, potentially 

suggesting the loss of EVs or certain EV subpopulations, depending on the identity of the specific 

markers which are lost177. This is exemplified by a study by Reymond and colleagues, which tested 

the High Select TM Top 14 Abundant Protein Depletion Columns from Thermo Scientific, which 
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documented a reduction in EV markers, despite increases in particle concentration measured by 

NTA and number of identified protein by mass spectrometry following a second round of 

purification by Izon qEVsingle 70nm columns177.  To enhance sample purity, I compared three 

isolation methods namely, SEC, UC and UF-SEC, based on the literature and unpublished data 

from our laboratory. At each step, the yield of protein IDs increased approximately 2-fold, 

alongside improvements in manual protein identification from MS data. 

Pre-concentration of EVs appeared to enrich for smaller particles, causing the particle size 

distribution to deviate from the generally accepted log-normal distribution178,179. These smaller 

particles may not be EVs, but rather NVEPs, such as exomeres or supermeres which are gaining 

attention in secretome research. To mitigate potential NVEP contamination in purified EVs, the 

SEC method presented here was carefully designed. The PCV was judiciously selected to exclude 

the peak of NVEP markers in fraction 12. A potential adaptation of this method to further isolate 

NVEPs would be using immune-isolation using known components of these multimolecular 

assemblies such as lactate dehydrogenase A and B (LDHA / LDHB), or amyloid precursor protein 

(APP), however, as relatively little is known about the structural organization of these particles, 

this method may be limited158.  Otherwise, subjecting fraction 12 to asymmetric-flow field-flow 

fractionation (AF4) or UC which were techniques initially used to isolate these particles157,158. Of 

note, AF4 demonstrates superior resolution when compared to SEC in multiple use cases, however, 

no comparison was found in the literature specifically regarding EVs or NVEPs180,181. 

Significance and Impact. The method presented in this thesis allows for the separation of 

abundant serum proteins from EVs, in a matrix which contains high amounts of FBS. This may 

open the possibility of collecting EVs from CM, in contexts where serum depletion is not 

recommended or will decrease the yield in the particles of interest. Indeed, this method is useful 
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to our laboratory, to test the effects of other stressors on EV production and molecular signatures, 

without the confounding effects of serum starvation. Our methods differs from others, which apply 

UF, followed by SEC, then concentrate fractions with UF (a UF-SEC-UF workflow) or SEC-UF, 

which increase processing time, consumables and may induce increased sample losses182,183. While 

I claim my method is optimal, there is room for further improvements, particularly to remove more 

FBS proteins, or phenol red. Further adaptation of this method to assess NVEPs, such as exomeres 

or supermeres, with a focus on fraction 12, may be meritorious as diversity in the current methods 

to isolate these particles with emerging biological relevance is lacking157.  

5.2. Proteomics for EV characterization. 
The final coverage of the human proteome within the HGPS EVs following the analysis of 6 

biological replicates was found to include 1,464 unique human proteins (exclusive of proteins 

which were also identified in FBS), representing approximately 8% of the human proteome and 

30% of the proteins in the spectral library, which defines the maximum number of identifiable 

proteins in this study. This proportion may seem large when compared to the cellular proteome. 

However, a 2017 Vesiclepedia dataset includes over 13,000 unique proteins identified in human 

EVs using various mass spectrometric technologies, with some protein validated through 

orthogonal methods such as immunoblot, antibody arrays or flow-assisted cell sorting109. Up to 

153 protein IDs that were identified are likely contaminants due to the FBS proteome and tryptic 

peptide sequence similarities between human and bovine proteins, despite the exclusion of non-

unique (razor) proteins184. 

Our proteomic analysis has revealed 82 mitochondrial proteins when searching my dataset 

against the human MitoCarta database, suggesting that our preparations may contain mitovesicles, 

which have been previously identified as being important damage-associated molecular pattern 
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(DAMP) shuttles capable of inducing inflammation185,186. However, there were no significantly 

dysregulated mitochondrial proteins in our HGPS EVs with respect to HC. The nuclear lamina 

protein LMNA, which is mutated in most HGPS cases to form progerin following enzymatic 

processing, was also found within our EV preparations. However, the specific peptides identified 

were common to LMNA and progerin. Interestingly, plasma-derived progerin has been used as a 

biomarker for clinical immunoassays as an outcome to measure the efficacy of HGPS therapeutics, 

particularly Lonafarnib in clinical trials187. Given that LMNA levels in the plasma of healthy 

individuals are not thought to exceed 6.8 ng/mL, while plasma progerin of HGPS patients can 

exceed 33 ng/mL, it is plausible that EVs stabilize extracellular progerin in HGPS, supporting its 

use as a biomarker187,188. However, due to the significant cellular stresses associated with HGPS, 

increased cell death, in tissues such as smooth muscle, is likely an important contributor to the 

high levels of plasma progerin that is observed in patients189. 

Proteomic results of EVs lacked growth factors and classical SASP markers such as cytokines 

and chemokines. This is, partially expected as these proteins tend to be small, and thus produce 

few tryptic peptides for analysis by LC-MS/MS; these proteins in non-EV bound forms are 

expected to elute in later SEC fractions. Identification of these proteins could have been a direct 

link to inflammaging, as mentioned above, and EVs have been found to stabilize these factors on 

their surfaces and within their lumens190. The utilization of immunodetection methods, such as 

enzyme linked immunosorbent assay (ELISA) may improve the detection of these proteins. Other 

proteins that are strongly linked to HGPS, such as p53 or CDKs were not identified in our study 

of these EVs. 

Significance and Impact. Proteomic analysis of EVs is a powerful tool, allowing researchers 

to identify the protein landscape of these particles, which may have profound implications on the 
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bioactive properties. My MS method, coupled with EV isolation, has given me an unprecedented 

view into the HGPS secretome, by assessing individual and pooled EV fractions. To date, the 

secretome of HGPS fibroblasts has been assessed by ELISA for the hallmark SASP molecules 

such as IL-1β and IL-1886. My method of investigating EV cargo, though time-consuming, has 

resulted in deep-proteome coverage which is sometimes lacking in other MS-based assessment of 

EVs.  The mass spectrometric results of these EVs may provide novel insights into HGPS disease 

biomarkers for use in clinical trials involving HGPS patient outcomes, while this project focused 

on the identification of EV-associated proteins which may be implicated in inflammaging. 

5.3. Key EV proteins in HGPS potentially implicated in inflammaging. 
My optimized EV isolation and proteomic methods have produced an unrivaled understanding 

of the EVs produced in HGPS. When analyzing dysregulated proteins within the HGPS EVs, 

particularly in HGPS-02, an interesting protein-protein interaction emerges. HLA-C and Leucyl 

and cysteinyl aminopeptidase (LNPEP, also known as insulin regulated aminopeptidase [IRAP]) 

have been identified to interact in the early endosomal compartment of cells, which promotes 

peptide antigen processing and loading onto HLA-C191. This process occurs prior to the formation 

of the mature HLA-C-β2M heterodimer formation and its subsequent presentation on the cell 

surface191. The presence of MHC-I on EVs is well established, however, the consistent 

upregulation of HLA-C in both WCL and EVs across the HGPS patient samples analyzed in this 

thesis is notable. This finding may offer insights into the disease state of HGPS, as a 2020 report 

suggested that LNPEP promotes inflammatory gene expression by activating NF-κB pathway; and 

has been previously implicated in psoriasis, a chronic inflammatory disease 192,193. 

HLA class I is expressed by all nucleated cells and plays an important role in self-recognition 

by presenting processed intracellular peptides as antigens to the immune system. Basal HLA 
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expression varies between cell types and genotypes and can be upregulated in response to pro-

inflammatory stimuli194,195. Much of the research related to MHC-I expression originates from 

transplant immunology, where mismatched HLA alleles can significantly impact organ rejection 

and clinical outcomes196. In C2C12 myoblasts, activation of the NLRP3 inflammasome following 

a challenge with lipopolysaccharide (LPS) and adenosine triphosphate (ATP) has been shown to 

induce upregulation of MHC-I, an effect that was mitigated by the NLRP3 inflammasome inhibitor 

MCC950197. Notably, a previous study has demonstrated upregulation of NLRP3 in HGPS86. 

However, establishing a direct link between NLRP3 and HLA-C in this context is challenging, as 

many studies rely on antibody-based techniques that are MHC-I paralog-agnostic. While HLA-C 

may be involved in several complex immunological pathways related to intrinsic defects in HGPS, 

no experimental efforts were made to connect these pathways, in silico interactomics could not be 

performed as NLRP3 was not detected in our proteomic data, possibly due to low expression 

levels. Such an analysis remains an interesting area of further investigation.   

Another key aspect of the HGPS pathology is DNA damage, particularly dsDNA breaks which 

are often visualized experimentally using γH2AX staining. A key cytosolic sensor of dsDNA 

breaks is the cGAS-STING pathway, which can lead to AIM2 inflammasome activation. Recently, 

hormonally active vitamin D was found to attenuate cGAS-STING responses in HGPS198. 

Interestingly, in cancer, MHC-I expression was found to be upregulated through a feedforward 

mechanism involving dsDNA breakage, activation of the cGAS-STING pathway, intracellular 

transfer of cyclic GMP-AMP (cGAMP) between cells and interferon signaling199. This raises the 

possibility that the HLA-C regulation observed in this thesis may be due to dsDNA damage and a 

similar feedforward mechanism between senescent and replicating cell populations in culture. 

However, despite mild STING1 upregulation in HGPS WCL, no components of the cGAS-STING 
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pathway capable of driving a feedforward mechanism were detected in our EVs. While EV-

mediated transfer of these components has been suggested, it has yet to be experimentally 

validated200. Using knowledge from the relevant literature, and my experimental data collected 

during this project, I propose a working mechanistic hypothesis where upregulation of cGAS-

STING activation in response to DNA damage and mis-localized DNA leads to upregulation of 

HLA-C, which presents itself on the cell surface and/or within the endomembrane system. These 

compartments allow for the shedding of EVs, with high amounts of HLA-C, which may function 

to reduce immune cell activation, and potentially reduce the clearance of senescence cells. This is 

schematically demonstrated in Figure 13. 
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Figure 13: Working Mechanistic Hypothesis of HLA-C Upregulation in HGPS 

(A) HLA-C is upregulated in HGPS WCL and EVs with respect to HC. As HGPS fibroblasts are known to have 

greater amounts of DNA damage and mis-localization, activation of cGAS-STING in the disease has been established. 

In this study, I was able to identify novel upregulation of HLA-C in these cells, which is itself part of the Interferon 

Stimulated Genes (ISG). HGPS fibroblasts may be demonstrating an interferon-like response to this damaged DNA, 

particularly mitochondrial DNA. The classical SASP served as a potent signal for immune cell recruitment and 

activation, however, HLA-C on the HGPS cell surface, EV surface or within EVs may serve as signals to reduce 

immune cell activation, in turn reducing senescent cell clearance. 
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Proteins involved in redox homeostasis have been identified in EVs in multiple other studies. 

I have observed dysregulation of GST and peroxiredoxin proteins in WCL (Supplemental Figure 

3), though this was less evident to observe in EVs. However, in the context of diseases, HGPS is 

characterized by significant oxidative stress and DNA damage. It is plausible that HGPS 

fibroblasts are sequestering GST enzymes within the intracellular compartment, to mitigate the 

increased burden of oxidative stress. In support of this hypothesis, a 2020 study  found that EVs 

derived from aged fibroblast donors exhibited reduced GST activity201.   

Significance and Impact. This study has identified many proteins related to the pathological 

mechanism of HGPS, and some proteins which have never been reported or examined in the 

context of the disease. HLA-C, due to its ability to be localized on the cell surface while displaying 

peptide antigens, is interesting to identify within the HGPS EVs. More importantly, the validated 

upregulation of this protein has thrust it to the forefront of derivative projects from this thesis in 

the lab. More generally, the potential linkage of HLA-C to another disease process may increase 

general interest in this protein, which is mostly understood in the context of placentation and 

pregnancy. Together with work form others about HLA-E, MHC-I may become an important set 

of proteins for future study in the context of senescence and inflammaging.  

5.4. Limitations of this study 
The work presented in this thesis has important limitations that should be addressed. The first 

concerns sex-differences between the HGPS and HC, as all HGPS patients in this study are female. 

There are no reported differences in HGPS incidence between sexes81.  Extensive evidence 

demonstrates sex-differences for in vivo experiments, where factors such as steroid signaling, 

increased female genetic mosaicism and anatomical differences play important roles202,203. 

Research involving patient-derived EVs from biofluids has identified some instances of sex-based 



66 

 

differences, however, key characteristics such as size distributions, EV yield, and protein and RNA 

content appear to be largely unaffected204. Notably, there is evidence of sex-based differences for 

specific molecules, most notably miRs204,205.  

In cell culture experiments, the importance of sex as a biological variable is widely recognized. 

Studies involving primary mouse cells have demonstrated sex-dependent differences in gene 

expression and cell death sensitivity based on sex206 Similarly, in human models, such as induced 

pluripotent stem cells derived from fibroblasts to generate blood-brain barrier models, sex-

differences have again been shown to be an important factor207. To account for these limitations, 

lists of proteins identified by MS were cross-referenced against databases containing sex as a 

metadata variable208,209. However, analysis using the sex differences in Cancer Database was 

unsuccessful due to data inaccessibility210.  Importantly, this analysis did not exclude HLA-C from 

our results. Currently, no comprehensive database exists cataloging differential protein content as 

a function of sex, only reviews summarizing key findings from subsets of published research204. 

While the creation of such a database was beyond the scope of this project, it remains an interesting 

area of future research, particularly as EVs continue to advance in theranostics and as the MISEV 

Consortium works toward standardizing EV research worldwide107,211. Another potentially 

significant variable in the biologically male HC cells is whether the Y chromosome remains intact 

or has been lost, a phenomenon reported in other studies following serial passaging and culturing 

of immortal cell lines, particularly in cancer research212. A second key limitation, particularly 

regarding patient profiles, is the lack of racial and genetic diversity. All four patient-derived 

samples used in this thesis were from individuals classified as white, according to Corriell Institute 

documentation. While racial differences are primarily associated with variations in molecular 

cargo rather than EV size and concentration204,213, this limitation may affect the generalizability of 
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the findings to non-white HGPS populations. Although HGPS has been reported across diverse 

ethnic backgrounds, publication bias has been suggested as a factor contributing to the 

predominance of Caucasian cases in the literature214. Preliminary, unpresented data from an HGPS 

donor with a black background appears to be consistent with the major findings of this thesis, 

specifically with respect to HLA-C. The ability of this study to draw significant results may be 

limited due to the small sample size of patients included in our analysis, which is common in 

studies of rare diseases. In a future follow-up study, special attention should be given to increasing 

the number of patient-derived fibroblast or other cell lines used, which would allow the research 

group to tease out with greater confidence disease-specific modifications that are common between 

many HGPS patient EVs. 

In this project, I have determined that DIA with spectral library, is the optimal method for the 

identification of proteins in UF-SEC fractions. Some studies suggest that DDA experiments, using 

identification and quantification from spectral libraries provides results similar to those of obtained 

with DIA 215. However, the processing of DDA data with spectral libraries was not attempted in 

this project, as I chose to follow classical sequence database-based identification and quantification 

methods. Nonetheless, it is worth noting that when considering manual data validation using tools 

like Skyline, DIA provides a distinct advantage.  MS2 spectra should be present for all m/z ratios 

within user-defined isolation windows, regardless of precursor ion intensity140. In practice, this 

allows the human validator to have increased confidence in the true missingness of a particular 

peptide.  Regarding spectral libraries, this project did not employ in silico predicted or theoretical 

spectral libraries, which have gained popularity in recent years due to the advancements in machine 

learning and deep learning technologies216,217. These technical limitations remain an interesting 

avenue for future improvement. 
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HLA-C, despite its significant role in immunology, remains relatively poorly characterized 

beyond the maternal-fetal interface. The existing body of evidence suggests that extracellular, 

antigen-presenting HLA-C plays a crucial role in the immune response. Whie HLA-C is 

highlighted as an important protein in this thesis, I lack evidence to support its specific localization 

within the cell or whether it is embedded in the membrane of the EVs, which is critical for its 

function. This may be achieved using nano flow-cytometry of EVs labeled with fluorescent anti-

HLA-C antibodies or by immunogold labeling followed by electron microscopy, or by performing 

surface proteomics experiments such as hydrazide capture as HLA-C contains an N-linked 

(asparagine-linked) glycosylation site218.  In addition, the expression and localization of HLA-C, 

on the cell surface are influenced by the specific genotype of the biological sample, although it 

demonstrates less polymorphism compared to HLA-A and HLA-B219. Specific MHC-I genotyping 

was not performed by myself, or by others who have historically used these cell lines, making it 

impossible to exclude the possibility that both HGPS cell lines carry high-expression HLA-C 

alleles, while the HC express relatively low-expression alleles219. However, there was good 

agreement in the MS2 fragmentation pattern between all cell lines tested, which may suggest that 

the specific peptides used to quantify HLA-C in this project are present in cell lines. 
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6. CONCLUSIONS AND FUTURE PERSPECTIVES 
Global populations are aging, presenting a significant challenge for healthcare systems moving 

forward. Despite considerable investment in aging research, our understanding of the contribution 

of EVs, potent mediators of paracrine and endocrine intercellular communication, remain limited. 

Furthermore, although rare diseases are individually uncommon when aggregated together, they 

affect 1 in 12 Canadians, highlighting the need for focused research 220. Recent evidence showing 

progerin accumulation within the cells of older adults, comprising up to 1% of LMNA content, 

underscores the importance of studying rare diseases and their potential relevance to broader 

populations221.  

Given the complexity of the sample matrix, which contained high amounts of FBS due to the 

nature of the biological sample, I optimized a hybrid method, consisting of a UF pre-concentration 

step followed by SEC for isolating EVs using established techniques from the EV literature222. 

However, there is still room to further refine this methodology, potentially by way of 

immunoisolation of specific EV subpopulations, in fractions which likely contain multiple 

populations of EVs and NVEPs. To further enhance the proteomic data, DIA and DDA mass 

spectrometric methods were compared, to maximize the reproducible quantitation of EV proteins.  

This thesis characterizes the proteome of HGPS fibroblast, and using this knowledge in the form 

of spectral libraries, explores the proteome of HGPS fibroblast-derived EVs with DIA-MS. 

Inspired by multi-omic data analysis strategies, I applied a novel approach to HGPS, enabling the 

identification of a previously uncharacterized protein dysregulation in HGPS EVs, particularly 

concerning the MHC-I class protein HLA-C. This project begins to explore the role of 

inflammaging and immunity in non-myeloid HGPS cells, extending beyond the AIM2 and NLRP3 

inflammasomes. Given HLA-C's role as a critical immune cell regulator, these results could have 

profound implications for the clearance of senescent cells, the senescent microenvironment, and 
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may identify HLA-C as a potential target for senotherapy or anti-inflammaging strategies, which 

has been suggested for other HLA paralogs. Future investigation of the specific localization of 

these HLA-C molecules within the EVs, their peptide antigens, and post translational 

modifications may be of important significance moving forward if the HGPS EVs demonstrate 

pro-inflammaging bioactivity in cell culture with innate immune or other cell types. While the 

wider relevance of HLA-C upregulation in physiological inflammaging is still not understood, it 

appears to be important in HGPS, as a model of advanced chronological old age.  
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8. APPENDIX 
Supplemental Table 1: R Packages Used 

R Package Version Use case 

dplyr 1.1.4 Data filtering and manipulation 

ggrepel 0.9.6 Graphing 

ggplot2 3.5.1 Graphing 
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Supplemental Table 2: The proteome of EV-free FBS. 

Proteins are ordered by decreasing proportion of LFQ total abundance, averaged across 3 mass spectrometric technical 

replicates. Protein with “-” proportion of intensity contributed less than 0.01% of total observed intensity, therefore 

the sum of the proportions is less than 100%. 

 

 

 

 
 

 

  

Protein 

Name

Proportion of 

LFQ Intensity

Protein 

Name

Proportion of 

LFQ Intensity

Protein 

Name

Proportion of 

LFQ Intensity

Protein 

Name

Proportion of 

LFQ Intensity

Protein 

Name

Proportion of 

LFQ Intensity

Protein 

Name

Proportion of 

LFQ Intensity

ALB 32.29% ITIH4 0.75% IPLA 0.29% ACT18 - F10 - MST1 -

AHSG 10.81% ITIH2 0.67% CFH 0.29% ACTBL2 - F12 - MT1B -

GSN 7.78% KNG2 0.66% ORM1 0.26% AF_1514 - F5 - MYO1C -

TF 5.69% SERPINA3-1 0.62% ADIPOQ 0.24% APOB - F9 - PFN1 -

GC 4.19% PLG 0.60% FGA 0.24% APOC3 - FBLN1 - POSTN -

AFP 3.31% APOH 0.57% APOA4 0.24% APOD - FLA10 - PROC -

C3 2.22% VNN1 0.57% FN1 0.23% BDG2 - HABP2 - PROS1 -

SERPINF1 2.04% RPOC1 0.55% F2 0.22% BDP1 - HGFAC - PZP -

SLC47A1 1.77% ITIH3 0.53% AFM 0.22% C4A - HRG - RBP4 -

SERPINA6 1.61% CFB 0.52% APOA2 0.21% CDH5 - IGF2 - SHBG -

A1BG 1.58% SERPINF2 0.52% AMBP 0.21% CDK12 - IGFBP4 - SRP54 -

APOA1 1.54% AGT 0.52% SERPINA7 0.21% CFD - ITIH1 - TCDA -

A2M 1.26% FAM186A 0.45% IGFBP2 0.20% CL43 - KLKB1 - THBS1 -

PF4 1.25% SERPINA3-3 0.42% ACTB 0.19% COL1A1 - KRT10 - THBS4 -

SERPINA1 1.24% CLEC3B 0.38% SERPINA3-7 0.18% COL1A2 - KRT2 - TTR -

SERPINA5 1.02% HBB 0.35% HPX 0.16% COL2A1 - KRT6A - VCL -

KNG1 0.99% INHCA 0.35% C7 0.14% COL3A1 - KRT75 - VWF -

SERPINC1 0.94% LTF 0.34% CLU 0.14% COL6A1 - LUM -

FETUB 0.83% SERPINA3-8 0.31% SERPINA3-5 0.14% COMP - MB -

HBA 0.83% C4 0.31% ACT3 0.14% CPB2 - METK -

C9 0.80% APOE 0.30% SERPINA3-6 0.13% CYIIIB - MSH1 -
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Supplemental Figure 1: Comparing acquisition methods in mass spectrometry. 

In data dependent mass (DDA) spectrometry, only the top N most abundant precursor ions (peptides with a specific 

charge) from MS1 are selected for fragmentation and subsequent MS2 acquisition. In contrast, data independent 

acquisition (DIA) methods cycle through pre-defined windows of the MS1 spectrum containing many precursor ions 

for fragmentation and subsequent MS2 acquisition, theoretically, acquiring fragment ions for all precursors regardless 

of their relative intensity during MS1. Therefore, DIA should contain much more fragment-level data and may be 

better to quantify low abundant proteins. Parallel reaction monitoring (PRM) uses user-defined precursor ions in the 

MS1 scan to acquire MS2 scans, regardless of relative intensity to other ions in the MS1 scan. 
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Supplemental Figure 2: List of EV-associated proteins used for EV characterization. 

(A) Proteins strongly associated with EVs, which are oftentimes used as EV markers. (B) Proteins associated with 

other structures which are oftentimes co-isolated with EVs, such as NVEPs. (C) Proteins which are secreted but may 

be associated with EVs. The lists presented are non-exhaustive and serve as a recommended standard framework for 

reporting EV content107. Blue squares represent the protein was identified in this fraction. 
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Supplemental Figure 3: Dysregulation of glutathione metabolism 

(A) Various glutathione-S transferases (GST) were quantified using LC-MS/MS. Mu GSTs were mildly upregulated 

in HGPS WCL. Dysregulation in peroxiredoxins was also observed in HGPS-01. * p<0.05, ** p<0.01, ***p<0.001. 

(B) Differentially expressed protein in HGPS WCL (Figure 8) were imported into Cytoscape for visualization and 

subsequently searched for physical PPIs (protein-protein interactions) with the STRING database using a confidence 

score of 0.4, while allowing for network expansion of 50% (33 protein). The largest subnetwork was exported for 

enrichment analysis against the Reactome database. Fold change calculated as Healthy/HGPS. Blue is higher in HGPS. 
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