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Abstract

The deterioration of the immune system is a fundamental characteristic of aging and is
accompanied by alterations in immune aging markers including shorter telomere length (TL),
decreased mitochondrial DNA (mtDNA) content, and larger differentiated T cell populations.
These same markers characterize an accelerated immune aging phenotype in people living with
HIV (PLWH). Although HIV is successfully treated with combination antiretroviral therapy
(cART), treatment is lifelong and does not fully eliminate the accelerated aging phenotype.
Therefore, CART-controlled HIV infection can represent a human model of immune aging
compared to the general population. The extent to which longitudinal changes in leukocyte TL
(LTL) and blood mtDNA content inter-relate and are together influenced by HIV is unknown.
Also unknown is whether slow progressors, a rare population who naturally control HIV without

CART, are protected against HIV-mediated accelerated immune aging.

The goal of my research was to investigate aging markers in PLWH, considering HIV infection

as a human model of immune aging.

First, | developed a monochrome multiplex quantitative PCR assay to measure mtDNA content
quickly and accurately with low starting material. | measured blood mtDNA content, LTL, and
their rates of change among 312 PLWH and 300 HIV-negative controls. | showed that faster
rates of LTL attrition and blood mtDNA decline were associated with loss of HIV viral control.
Faster LTL attrition was also associated with slower blood mtDNA content decline, regardless of

HIV status. | then measured more granular markers of immune aging including lymphocyte
iii



subset TL and T cell differentiation in 57 slow progressors with sex- and age-matched cART-
controlled PLWH and HIV-negative controls. My analyses revealed that slow progressors had
shorter immune subset TL and more differentiated CD8 T cells compared to both CART-
controlled PLWH and HIV-negative controls, indicating that they experience even faster immune

aging despite naturally controlling the disease.

My research confirms that uncontrolled chronic/latent viral infections such as HIV accelerate
immune aging but demonstrates that naturally controlling HIV may also age immune cells. This
suggests that preventing and controlling chronic/latent viral infections with therapy could extend

lifespan and may represent an evolution to the paradigm of aging research.



Lay Summary

Our immune system weakens as we age, but it is difficult to study how and why because aging
happens to everyone. My strategy was to study the cells of the immune system in people living
with HIV, who age faster than the general population. To do so, | used blood samples and
measured changes in DNA that normally occur with age and counted how many old and tired
immune cells there were compared to young cells. | found that people with HIV who were not
treated with medications to reduce the amount of virus aged faster than those who were. This
even happened in an extraordinary group of people who do not get sick from HIV. My research
shows that everybody living with HIV should receive treatment to slow immune aging and
suggests that treating viruses that are even more common than HIV may slow aging for many

more people.



Preface

This thesis represents my original work. The novel biological concepts, hypotheses, and
research questions leading to the studies presented in this thesis are mine, developed with the
help of my supervisor, Dr. Héléne C6té. They are based on topics of research proposed by a
Canadian Institutes of Health Research Team Grant on Cellular Aging and HIVV Comorbidities in
Women and Children 2013-2018 (TCO-125269), on which Dr. C6té was the principal applicant.
The research proposed in the grant, as well as my own research, largely involve participants and
biospecimens from the Children and Women: AntiRetrovirals and Markers of Aging (CARMA)
cohort. My research program benefited from the guidance of my supervisory committee,
including Jacqueline Quandt, Marc Horwitz, Megan Levings, as well as Patrick Tang who was a
past member. All studies were approved by the University of British Columbia Research Ethics
Board (H08-02018). This thesis begins with an introductory chapter 1, followed by a methods
publication as chapter 2, followed by 2 studies as chapters 3 and 4, and ends with a conclusion as

chapter 5.

The purpose of chapter 1 is to present the overall theme of the thesis. It contains a literature
review appropriate for a non-specialist scholar, which provides context for the impetus behind
the research contained in subsequent chapters. Chapter 1 ends with research objectives and an
overarching hypothesis. More granular and study-specific hypotheses are presented at the outset
of the subsequent chapters. All figures in chapter 1 are original, based on data referred to, or

concepts described in, the chapter itself.
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A version of chapter 2 has been published as Hsieh AYY, Budd MA, Deng D, Gadawska I, and
Coté HCF (2008), “A Monochrome Multiplex PCR Assay for the Measurement of mtDNA
content”, Journal of Molecular Diagnostics, 20(5):612-620. | am the first author of this
manuscript, and contributed 80% of the experimental design, data collection, and writing, as well
as all of the statistical analysis. Matthew Budd contributed to 10% of the writing. David Deng
and lzabella Gadawska each performed several gPCR assays, which amounted to 20% of the
data collection. Hélene Co6té provided the scientific inspiration behind this manuscript, gave
guidance relating to experimental design, and contributed to 10% of the writing. Unlike the
publication, the supplementary material is now integrated into the main text, the
acknowledgements section is removed, and any abbreviations that were defined in chapter 1

were not defined again in chapter 2.

A version of chapter 3 has been submitted as Hsieh AYY, Kimmel E, Pick N, Sauvé L, Brophy
J, Kakkar F, Bitnun A, Murray MCM, Cété HCF, and the CIHR Team in Cellular Aging and
HIV Comorbidities in Women and Children (CARMA), “Inverse relationship between
leukocyte telomere length attrition and blood mitochondrial DNA content loss over time”,
to the journal Aging (Albany NY). It is currently undergoing author minor revisions to address
the peer reviewers’ comments prior to resubmission. I am the first author of this manuscript, and
contributed 90% of the experimental design and writing, 60% of the data collection, and all of
the statistical analysis. Elana Kimmel, a summer student working under my mentorship,
performed several gPCR assays, which amounted to 40% of the data collection. Neora Pick,
Laura Sauvé, Jason Brophy, Fatima Kakkar, Ari Bitnun, and Melanie Murray contributed to the

initial study design as well as manuscript editing. Héléne Coté provided the scientific inspiration
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behind this manuscript, gave guidance relating to experimental design, and contributed to 10% of
the writing. Similar to chapter 2, the supplementary material in the original submission is now
integrated into the main text, the acknowledgements section is removed, and any abbreviations
previously defined were not defined again. In addition, the section describing methods is moved
from after the discussion to before the results, consistent with the other chapters of this thesis.
The introduction section of the submission is also moved and integrated into chapter 1 to avoid
repetition. Instead, chapter 3 begins with an abbreviated introduction, including specific

hypotheses.

Chapter 4 is a manuscript in preparation, tentatively titled “HIV Slow Progressors experience
accelerated aging compared to HIV Non-Slow Progressors”. | am the first author of this
manuscript. While co-authorship has yet to be finalized, it will include Beheroze Sattha, 1zabelle
Gadawski, Mahtab Gill, Nicole Bernard, Cecile Tremblay, and Hélene Cété. For this
manuscript, | contributed 70% of the data collection, 90% of the writing, and all the statistical
analyses. Beheroze Sattha prepared blood biospecimens for storage prior to the experiments.
Izabelle Gadawski and Mahtab Gill performed gPCR assays totaling 30% of the data collection.
Nicole Bernard and Cecile Tremblay are investigators from the Canadian Cohort of HIVV+ Slow
Progressors. They helped facilitate the collaboration between their cohort and CARMA, as well
as contributed to the initial study design. Héléne C6té provided the scientific inspiration behind
this manuscript, gave guidance relating to experimental design, and contributed to 10% of the
writing. As with chapter 3, the introductory material is integrated into chapter 1, and chapter 4
begins with an abbreviated introduction, including specific hypotheses. For readability, study

group abbreviations were defined again even though they were previously defined in chapter 1.
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Chapter 5 summarizes the scientific findings of the thesis and expands on their translational
significance. This chapter also explores future studies based on the data and novel biological

concepts presented in this thesis.
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Chapter 1: Introduction

1.1 Decline of immune function with age

The goal of aging research is to provide people with the opportunity to live long and healthy
lives. The main challenges facing this endeavour are the increasing risks of illness and disability
with age. One approach to overcome these challenges is to further our understanding of the

processes that occur with aging.

The global impact of aging research continues to rise, along with the expansion of the global
population itself. In 1990, approximately 1 in 17 people around the world were over 65 years
old. This became 1 in 11 in 2019 and is projected to become 1 in 6 by 2050 1. Not only does
understanding the drivers of human aging benefit an increasing number of people, but it may also

lower healthcare costs currently expended on the elderly, thereby benefiting society at large.

The deterioration of the immune system is a fundamental characteristic of human aging. This is
most directly observed as the weakening of immune function with older age and is supported by
data linking impaired immune function with age-related morbidities and mortality. Among the
elderly, there are ample data illustrating the clinical consequences of age-related immune
decline, including increased vulnerability to infections 2, reactivation of chronic viral infections
34 reduced responsiveness to vaccines >¢, and persistent inflammation 7, as well as the increased
occurrence of age-associated diseases such as cardiovascular disease &9, liver disease °, kidney

disease 112, osteoporosis 13, and various cancers 1*. Together, these outcomes are likely related



to the holistic deterioration of the immune system, a phenomenon known as immunosenescence
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Immunosenescence can be evaluated using markers of immune aging that change as people age.
Over the past several decades, much progress has been made in identifying these markers and
determining which of them most strongly predict age-related comorbidities and/or mortality.
Although immune aging markers and the degree to which they are affected by aging are well-
characterized 1718 comparatively fewer studies evaluate the potential for these markers to
predict age-related diseases or mortality. Importantly, some of these are markers of cellular
aging that can be measured in a single cell or any group of cells, while others describe the
population sizes of specific immune cell subsets. This distinction may reflect discrete
mechanisms of biological aging that may have implications with respect to their clinical

relevance.

1.2 Cellular aging

1.2.1  Telomeres and mitochondrial DNA

For reasons of bioaccessibility and cost, markers of cellular aging are largely investigated as
average measurements in circulating blood cells rather than in specific cell subsets or lymphoid
tissues. Two of the most ubiquitous markers of cellular age are telomere length (TL) and

mitochondrial DNA (mtDNA) copy number.



Telomeres are nucleoprotein complexes that cap chromosomes and, in most cells, shorten with
each division. Leukocyte telomere length (LTL) is associated with age '8, and the rate of LTL
attrition is more rapid during childhood (100-1,000 bp/year) *% than adulthood (20-100
bp/year) 22722, Biological variability in LTL is attributed to genetics 24?°, sex 2627, ethnicity 282°,
and other determinants of health including diet 332 exercise 3334, and substance use such as
tobacco smoking 3% and illicit drugs #. Shorter TL in leukocytes or peripheral blood
mononuclear cells (PBMCs) is also associated with HIV 4247  diabetes *-*0, Alzheimer’s disease
51-53 and certain cancers >+, Among older individuals, shorter TL is particularly predictive of

cardiovascular disease *®°® and mortality ..

Mitochondria harbor multiple copies of mtDNA per cell, which replicate independently from
nuclear DNA. Changes in mtDNA quality or quantity as well as decline in mitochondrial
function are implicated in biological aging ®2 and are primarily linked to metabolic and
mitochondrial disorders 63-¢7. Similarities also exist between whole blood (WB) mtDNA content
per cell and LTL, whereby many diseases or conditions associated with shorter LTL are also
associated with differences in mtDNA content. For example, decreased mtDNA content in
various tissues are associated with HIV 74 diabetes °, Alzheimer’s disease '8, various cancers
.78 “and cardiovascular disease °. Tobacco smoking is also associated with altered mtDNA
content in lung and buccal cells, though reports are inconsistent 8, Compared to LTL, which
is consistently reported to decline with age, WB mtDNA content is not as robust a marker of
aging, with studies reporting negative 2, positive &, non-linear 88 or no relationships

between mtDNA content and age.



Several proposals have arisen connecting these two markers of cellular aging mechanistically.
Short telomeres trigger activation of p53, which arrests cell growth and induces apoptosis &%’
Activated p53 also binds to and inhibits PGC-/a and PGC-1p, the promoters of mitochondrial
growth as well as mtDNA replication 8. Thus, short telomeres and mitochondrial dysfunction
may be mechanistically linked through p53 activation, potentially resulting in a relationship
between TL and mtDNA content. The second mechanism involves the relationship between
mtDNA and telomerase, the enzyme responsible for maintaining telomeres. Reactive oxygen
species (ROS), which are produced as a byproduct of mitochondrial metabolism, can damage
mtDNA. When intracellular concentrations of ROS reach a certain level resulting in a cellular
state of oxidative stress, telomerase is exported from the nucleus and transported to the
mitochondria where it protects mtDNA against oxidative damage 8°°. When this occurs,
telomerase neglects its primary function of maintaining TL. Similar to the mechanism involving
p53, this protective function of telomerase could result in a relationship between TL and
mitochondrial health. Despite the fact that TL and mitochondrial health appear to be governed
by shared mechanisms, the relationship between LTL and WB mtDNA content is unclear based

on cross-sectional studies °**° and has not yet been investigated longitudinally.

Literature on the two markers, LTL and WB mtDNA content, is prolific as both measures are
commonly used across many fields of aging research, and improvements in measurement
techniques continue to be needed. In the case of TL, several measurement techniques exist,
including terminal restriction fragment (TRF) length analysis by Southern blot, flow-
fluorescence in situ hybridization (FISH) of telomere repeats, and quantitative polymerase chain

reaction (qPCR), each of which has advantages and disadvantages %. TRF analysis is based on
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quantifying telomeric DNA on an agarose gel by excluding genomic DNA using restriction
digest °’. Due to the nature of agarose gel quantification, a large amount (several pg) of DNA is
required, and the procedure is laborious. TL measurements using FISH rely on quantification of
fluorescently labelled peptide nucleic acid probes hybridized to telomeric DNA %. This
technique is often applied using flow cytometry to quantify these probes and is able to measure
the average TL of individual cells. However, like TRF analysis, a large amount of starting
material is required, and the procedures are time-intensive. The only technique that is practical
for large studies of many hundreds or thousands of biospecimens is qPCR, which involves
measurements of PCR-amplified telomeric DNA using specially designed PCR primers specific
to telomeric repeats *. This technique requires low starting material (ng or pg of DNA) and the
procedure is relatively quick. An even more time-efficient iteration of this method, known as
monochrome multiplex gPCR (MMgPCR), is the most suitable technique for high-throughput
applications 1%, Regardless of measurement technique, an assay with low variance is often
required to draw biologically or clinically meaningful conclusions with statistical significance
given achievable sample sizes because the age-associated loss of these markers occurs relatively
slowly. For example, LTL decline with age occurs on the order of 5% per decade for adults 2*23,
Consequently, assays with a coefficient of variation (CV) of 10% will produce LTL
measurements within a range equivalent to a decade of chronological aging only 38% of the
time, assuming a normal distribution in measurement error. Assays with 5% and 2.5% CVs will
achieve the same result 68% and 95% of the time, respectively. Given that the loss of LTL as a
result of HIV infection approximates that seen for a single decade of aging *?, adequately
powered studies investigating the impact of HIV on LTL typically require large sample sizes.

Because of this, each study presented in this dissertation involves hundreds of biospecimens and
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MMQgPCR was chosen as the most suitable measurement technique. By decreasing the cost of
these measurement techniques, high-throughput data and adequately powered statistical analyses
will become more accessible and ubiquitous. Similarly, reducing the technical complexity of
these assays by incorporating the use of a commercially available gPCR reaction mix would
reduce the barrier to entry. These concepts are addressed in two publications describing
MMqPCR-based techniques for measuring TL ! and mtDNA content 1°2. The latter is included

as chapter 2 of this thesis.

While both LTL and WB mtDNA content are considered markers of aging, LTL is the more
robust predictor of age. However, even though LTL reliably declines with older age, inter-
individual variability introduced by both genetics and the external environment is such that many
60-year-old people have longer LTL than many 20-year-old people in a healthy population.
Thus, to increase the precision and interpretability of aging studies, additional variables are
required in addition to LTL and WB mtDNA content to appropriately characterize aging of the

immune system rather than aging of individual cells.

1.3 Immune aging

1.3.1 T cell subsets

Of the many immune markers that are modulated by age, alterations in the distribution of T cell
subsets are among the most prominent. CD4 and CD8 T lymphocytes represent the two principal
T cell subpopulations. The ratio of CD4:CD8 T cells decreases with age and predicts morbidity

and mortality %1% Changes in cell subset distribution also occur within the two compartments,
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albeit at different magnitudes. For example, the skewing of CD8 T cells away from the less
differentiated naive phenotype and towards the most differentiated memory phenotype is
foremost among signs of immune aging *31%. In contrast, while a similar development in
differentiation markers occurs in the CD4 compartment, their progression is much slower 10,
These changes are largely governed by two age-associated mechanisms: decline in thymic

production and cumulative replication burden.

The most prominent phenotypic change with age is seen in the CD8 T cell population. Because
thymic output disproportionately replenishes the CD4 compartment %1% the driving force
behind CD8 T cell differentiation is more likely lifetime exposure to immune challenges that
repeatedly compel T cell activation and proliferation. As the immune system experiences
recurring immune challenges, the CD8 T cell compartment undergoes differentiation and
repeated activation, increasing the proportion of highly differentiated cells 1. The
consequences of this process are highlighted among the elderly, whose extended accumulated
history of immune stimuli leads to immunosenescence and eventually compromised immunity.
This concept was elegantly demonstrated by an in vitro study demonstrating weakening T cell

activation with repeated antigenic stimulation as measured by spikes of telomerase activity 1.

Repeated T cell activation and proliferation also prompt telomere shortening at the cellular level,
and critically short telomeres lead to either cellular apoptosis or senescence *'!. The mechanism
that determines whether a cell becomes apoptotic or senescent remains unclear 213, put it

follows that as the highly differentiated T cell population accumulates with age, a subpopulation

of senescent cells also accrues. Senescent T cells lack the CD28 costimulatory molecule 4,



115 116

secrete pro-inflammatory molecules “*°, are resistant to apoptosis “*°, and typically do not regain

117 118

proliferative capacity **’. Moreover, senescent cells have both cytotoxic '’ and suppressive
properties and may be predictive of morbidity and mortality in the elderly 7. It is worth noting
that the senescent T cell phenotype is distinct from the exhausted T cell phenotype. Unlike

senescent cells, exhausted cells typically arise from chronic viral infection and express different
markers such as programmed cell death protein-1 (PD-1) and immunoglobulin mucin-3 (Tim-3)
119

. In short, markers of senescent and exhausted T cells describe distinct phenotypes, and the

accumulation of both cell types contributes to the general immunosenescence phenotype.

1.3.2 Regulatory T cells

The model for age-related decline in immune function continues to grow in complexity. For
example, the decline of immune function with age is also partially attributed to immune
suppression, specifically through the activity of a small subpopulation of CD4-expressing
regulatory T cells (Tregs) With immunosuppressive properties 12°. Tregs primarily inhibit activation
and proliferation of both CD4 and CD8 T cells 2%, especially those with differentiated effector
phenotypes 22, The primary function of the Treg population is to prevent immune
hyperactivation. Tregs are implicated in autoimmune disorders 123126 and appear to activate
during infection, resulting in suppressed immune responses *2’. Importantly, ample data exist
showing that the size of the Treq population increases with age 122128-1%0 with greater
immunosuppressive activity per cell than their younger counterparts 1231, |t is likely that these
changes to the Treg compartment contribute to age-related immune decline, however the exact

mechanism is unclear.



1.3.3 Becells

B cell immunity also deteriorates with age, which translates notably into reduced response to
influenza vaccines among the elderly *2133, Similar to aging in the T cell population,
differentiation markers within the B cell population appear to be modulated by age 3436,
However, these changes are less consistent compared to the age-related changes in the T cell
compartment, making them less suitable as markers of immune aging. Instead, the changes to
the B cell population can be more clearly assessed functionally. Older age is accompanied by a
reduced capacity to respond to new antigenic challenge *"1%, reduced repertoire diversity $3°140,
decreased antibody production via a reduction in capacity for class switch recombination 4!, as
well as an accumulation of a senescent and pro-inflammatory subpopulation 2. These changes

are thought to weaken B cell function, contributing to reduced vaccine response among the

elderly, though this has not been directly linked mechanistically.

Because aging is ubiquitous, it is a unique challenge to study human aging using methods
typically employed in studies of disease - that is, comparing a group of participants afflicted with
the disease with a group of unaffected controls. However, a possible approach is to compare
groups of individuals who are affected or not by a disease known to accelerate human aging. As

such, this thesis uses HIV infection as a human model of immune aging.

1.4 HIV epidemiology and combination antiretroviral therapy (CART)
As of the end of 2018, an estimated 37.9 million people are living with HIV worldwide 43, Of
these, 95.5% are adults and 64.6% have access to antiretroviral therapy. During 2018, 1.7

million people were newly infected with HIV and over 700,000 died from AIDS-related disease.
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Without treatment, HIV infection begins with an acute phase lasting a few weeks to several
months *#4, during which the quantity of viral copies in the blood, commonly termed plasma viral
load (pVL), increases suddenly and considerably. During the acute phase, virus-related
mechanisms cause the CD4 T cell count to drop, and immune responses cause the CD8 T cell
population to expand. A chronic phase follows, leading to years of asymptomatic disease, during
which pVL decreases and reaches a relatively stable set point. Similarly, CD4 T cell count
recovers partially, then slowly declines over time, while CD8 T cell count decreases and remains
relatively stable. After several years, CD4 T cell attrition reaches a threshold where immunity is
lost, leading to opportunistic infections, AIDS, and eventually death 4. The severity of the
acute phase, as well as the rate of disease progression during the chronic phase, varies between
individuals. At one end of this distribution exists a small population of people in whom HIV
disease progression occurs so slowly that they are given a separate classification as slow
progressors (SPs). The SP population will be investigated as a potential protective model against

HIV-mediated accelerated immune aging and will be described later in this chapter.

HIV is a lifelong infection, and there is no cure. However, combination antiretroviral therapy
(cART) successfully extends the lifespan of people living with HIV (PLWH) by inhibiting HIV
replication and preventing AIDS. Current guidelines from the World Health Organization
(WHO) recommend treating PLWH as soon as possible, regardless of disease progression 6.
However, previous recommendations for CART initiation depended on a combination of CD4 T
cell count, comorbidities, coinfections, and/or other factors such as pregnancy 4. These

previous recommendations, along with reduced access to CART in certain regions, mean that not
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all treated PLWH were on cART during the acute phase of infection. The course of HIV disease

progression and the effect of CART are illustrated in Figure 1.1.
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Figure 1.1 Schematic of disease progression in PLWH with and without cART.
HIV viral control and immunodeficiency as measured by viral load and CD4 count among PLWH with and without
CART. In PLWH on cART, treatment initiation is assumed to occur between the acute and chronic phases.
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Treatment with CART takes the form of a combination of 3 or 4 antiretroviral drugs belonging to
at least 2 drug classes. Each drug class targets and inhibits a different portion of the HIV
replication cycle. For example, nucleoside reverse transcriptase inhibitors (NRTIs) are
nucleoside analogues that, once phosphorylated intracellularly, are incorporated into elongating
DNA where they terminate reverse transcription of the viral RNA. Similarly, protease inhibitors
(PIs) are substrate analogues that block HIV protease from cleaving HIV polyproteins into
mature viral proteins. Some drug combinations, such as those that include the newer integrase
strand-transfer inhibitors (INSTIs) that prevent HIV DNA integration into the human genome,

are able to achieve viral suppression faster than older combinations 14814,

In the context of immune aging, certain CART drugs are known to affect TL and mtDNA
content. For example, NRTIs can lead to both shorter TL %5 and mtDNA content depletion
152153 i vitro. However, it is an ongoing challenge to disentangle the effects of cART and HIV
on markers of immune aging because long-term cART is not given to people who are uninfected
and untreated HIV itself affects both markers. More granular analysis of immune studies with
large sample sizes is needed to isolate the effect of specific drug combinations in order to further

understand the relative impact of cART and HIV on immune aging.

The rising age of the global population has begun to intersect and compound the age-related
burdens of PLWH. In every region of the world, the proportion of PLWH over 50 years old
continues to increase and this proportion was estimated to approach 50% by 2020 in Europe and

North America 4. As such, studying the effect of HIV on accelerated aging may not only
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deepen our understanding of biological aging in general, but may also provide much needed

insight on the vulnerable population of elderly PLWH.

1.5 HIV and age-related comorbidities

Despite the effectiveness of CART over the past 25 years, it is evident that PLWH, even those
successfully treated with CART, are at higher risk of morbidity and mortality compared to the
general population and that the risk increases with time following seroconversion %>, People
living with cART-controlled HIV are also still at higher risk for early-onset age-related
comorbidities including cardiovascular disease **"~*°, liver disease %, kidney disease 160161,
osteoporosis 162163 and non-AlDS-defining cancers 4. In search of a cause that is still not yet
fully understood, many studies have demonstrated immune abnormalities in PLWH that are
similar to those seen in older people, such as reduced response to vaccines %, less effective
specialized B cell responses 1617 increased risk of autoimmune diseases 1°316° persistently
elevated inflammation %11 shorter TL in peripheral blood cells “>47, and altered WB mtDNA
content 874 It is believed that HIV-mediated chronic immunologic stresses such as persistently
elevated inflammation and immune activation are connected to this apparent accelerated aging

phenotype 1727175,

Although there is a growing body of literature linking aging and HIV to either shorter LTL or
altered WB mtDNA content individually, there is a paucity of research considering the two
markers together and describing the relationship between the two, especially longitudinally. A

study addressing this gap in knowledge is described in chapter 3.
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Lastly, the accelerated aging phenotype seen in PLWH, including in those whose viremia is
controlled by cART, should not be mixed with observations from the pre-cART era that describe
the related but far more destructive effects of untreated and progressing HIV disease on immune
aging. As such, an effort is made in this thesis to delineate the effect of HIV in the pre- and post-

CART eras, with a focus on the latter as a human model of immune aging.

1.6 HIV and immune aging

1.6.1 CD4:CD8T cell ratio

HIV is associated with shorter LTL and altered WB mtDNA content, but relatively little data
exist describing the impact of HIV on these markers in specific lymphocyte subsets. Several
studies from the pre-cART era have reported shorter TL in CD8 T cells 7177 as well as in the
subpopulation of senescent CD8+CD28- T cells 178, Since the widespread use of CART, virtually
no studies have investigated the impact of CART-controlled HIV on lymphocyte subset TL. One
group showed a decrease in CD4 naive T cell TL in PLWH within 1-3 years of HIV infection 17°.
However, no data exist describing immune subset-specific TL or mtDNA content in people who
have lived with chronic cART-controlled HIV for many years compared to HIVV-negative

controls.

In lieu of data on cellular aging markers within PBMC subsets, previous research has primarily
characterized HIV-mediated immune aging by measuring changes in the proportion of PBMC
subsets that bear similarities with the changes that occur during biological aging. Most notably,

the well-characterized decline of CD4:CD8 T cell ratio seen in HIV infection remains one of the
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most reliable markers of HIV-mediated immunopathology and HIV disease progression .

Specifically, CD4:CD8 ratio does not fully recover even after successful CART, and people
living with cART-controlled HIV with a low CD4:CD8 ratio are at increased risk for non-AIDS
comorbidities 18182, This is attributed to several mechanisms involving either CD4 T cell

depletion or CD8 T cell expansion.

1.6.2 CD4T cell depletion and CD8 T cell proliferation

Depletion of CD4 T cells is a hallmark of HIV infection and prevents effective immune response
against the virus and eventually other pathogens. This is accomplished through several
mechanisms including HIV-induced suppression of thymic proliferation 18, sequestration of
CDA4 T cells to lymph nodes 8, and CD4 T cell death. During acute infection, HIV replicates
within and directly Kills activated CD4 T cells, leading to an immediate drop in CD4 T cell count
185 However, the rate of CD4 T cell depletion following the acute phase of infection is not
consistent with the relatively low proportion of HIV-infected CD4 T cells. The majority of CD4
T cell death in HIV infection occurs via apoptosis in bystander cells that are not productively
infected by HIV 8. More recent evidence shows that >95% of these bystander CD4 T cells
undergo a pro-inflammatory variant of programmed cell death known as pyroptosis '¢’. This
model of HIV-mediated CD4 T cell depletion provides a new perspective on the role of HIV-
associated chronic inflammation and HIV disease progression, whereby CD4 T cell death
through pyroptosis releases pro-inflammatory molecules that lead to further CD4 T cell death, in
a positive feedback loop that occurs primarily in lymphoid tissue rather than circulating blood.

CD4 T cell count recovers after cCART but is not completely normalized, even after many years

16



of virologic suppression, especially in circumstances in which pre-cART baseline CD4 T cell

count is low 188189,

HIV infection is also associated with increased numbers of CD8 T cells, both in progressing
disease 1% and after effective CART °!. The expansion of the CD8 T cell compartment occurs
quickly following initial infection, as virus-specific CD8 T cells proliferate in an attempt to
control the primary infection °21%, However, following successful long-term treatment with
CART, CD8 T cell count remains elevated in PLWH °419  especially if cART initiation occurs
after the acute phase of infection %. Although CD4 count is the primary clinical measure of
HIV disease progression, and indirectly HIV control, elevated CD8 T cell count after long-term

CART is associated with non-AIDS mortality 7.

1.6.3 T cell differentiation

There is growing evidence that both the CD4 and CD8 T cell compartments are proportionately
more differentiated among PLWH. In the CD4 T cell compartment, naive cell subsets are
reduced and memory cell subsets are expanded relative to total CD4 T cells 1>, This is
primarily demonstrated in people living with progressing HIV disease, but is also observed in
people who have lived with cART-controlled HIV for many years %. The impact of HIV on
CD4 T cell maturation is dwarfed in magnitude compared to its effect on CD8 T cell subsets.
The reduction of the naive CD8 T cell population in people with progressing HIV disease is
considerably more aggressive than that of the CD4 T cell compartment '*8, Moreover, PLWH
also have expanded and highly differentiated CD8 T cell populations that are senescent or

exhausted, likely caused by persistent immune stimulation and replication due to HIV infection
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200 The senescent CD8 T cell population lacks CD28 expression and are incapable of
proliferation upon activation 2°*. This population is of particular interest because of its shorter
TL in HIV 178 and the fact that the accumulation of these cells itself weakens immune responses
118 HIV infection is associated with expanded senescent T cell populations in both cCART-naive
202 and cART-controlled 2% participants. Similarly, exhausted CD8 T cell populations in PLWH
have severely limited proliferative capacity and express inhibitory receptors, including PD-1
204205 or Tim-3 2%¢, Consequently, while CD8 T cells in PLWH outnumber those in the general
population, their function is compromised by the accumulation of senescent and exhausted cells.
Long-term treatment with CART also seems to have only limited success in altering the
proportions of CD8 T cells at varying stages of maturation 1419207 regardless of time of CART
initiation 2%, Importantly, the comparatively more aggressive effect of HIV on the

differentiation of CD8 T cells compared to CD4 T cells is reminiscent of biological aging, as

described earlier.

1.6.4 Regulatory T cells

Accelerated T cell differentiation may be the most obvious sign of accelerated immune aging
among PLWH. However, HIV infection also disrupts two smaller lymphocyte populations that
may also contribute to the accelerated aging phenotype: Tregs and B cells. Understanding the
relationship between HIV infection and the immunosuppressive Treg population has been marred
by inconsistent classification of the Treg phenotype, even with the wealth of data that exists.
Several conflicting studies show the Treq population in HIV infection to be either increased 209-21°
or decreased 26221, Other reports in PLWH describe increased Treg populations in lymphoid

tissues and decreased Treq populations in peripheral blood 222223, or the opposite 21°. Others also
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demonstrate treatment with cCART normalizing Treq populations 2215221 or cART having no
effect 213214 However, it is clear that HIV compromises Trq activity by directly infecting them
and reducing their immunosuppressive activity, thereby destabilizing the homeostasis between
Tregs and other activated T cells 2422, The relationship between HIV and the Trq population is
nuanced and, despite the number of studies that have been conducted, remains poorly
understood, especially in the post-cART era. More data on Treg population size and function in
cART-treated individuals may alleviate this, but studies integrating other measures of immune
competence and aging may be critical in meaningfully evolving our understanding of this

relationship.

1.6.5 Becells
HIV infection also affects both the size and function of the B cell compartment. B cell

abnormalities are observed in PLWH including maturation of differentiation phenotypes 226

, as
well as the accumulation of a senescent population 227, reminiscent of what is seen with
chronological aging. Moreover, B cells in PLWH appear to be hyperactivated 2%, yet their
immune responses less effective %6167 compared to HIV-negative controls. These abnormalities
are linked to compromised antibody production and reduced response to vaccines 22%2%, which

may contribute to the accelerated immune aging phenotype among PLWH. Furthermore, CART

only seems to partially recover skewed B cell subpopulations 2*2% as well as vaccine response

234
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1.6.6 The effect of PBMC distributions on LTL

Lastly, the impact of HIV infection on modulating the sizes and maturation of various PBMC
subsets, especially the larger T cell populations, is likely to contribute to its effect on LTL.

There is evidence that WB cell subsets intrinsically have different TL 2*°. As expected, more
differentiated T cells have shorter TL 2923 and it appears that lymphocytes have longer TL than
neutrophils 27, Because of this, changes in neutrophil-lymphocyte ratio, as well as redistribution
of PBMC subsets due to HIV infection or otherwise, would alter LTL. Therefore, HIVV-mediated
changes in LTL can be the result of either cell subset redistribution or cellular aging as measured
by shorter TL in specific immune cell subsets, or both. It is unclear what the relative
contributions of these different mechanisms are to shorter LTL in PLWH. It has been proposed
that while LTL may provide an indication of immunocompetence, TL within relevant PBMC

subsets is a more accurate marker of immune aging 2%.

1.7 HIV and CMV coinfection

In PLWH, expansion of CD8 T cell memory populations appears to be driven by activation and
proliferation of both HIV-specific and non-HIV-specific cells 2. For example, in PLWH who
are coinfected with other chronic viruses such as cytomegalovirus (CMV), Epstein-Barr virus
(EBV), and influenza, CD8 T cell populations specific to these viruses are expanded during HIV
primary infection 23, even though the composition of differentiated cells varies in each virus-
specific population 2°. In particular, CMV coinfection is an important variable when
considering chronic HIV infection as a human model of biological aging. As of 2016, an
estimated 83% of the global population lives with CMV 24!, with an even higher prevalence

among PLWH 242243 CMV infection alone has a considerable effect on accelerating immune
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aging and is associated with an immune phenotype linked to greater risk of mortality among the

103

elderly 1% as well as signs of immunosenescence among young adults 2*4, CMV infection is also

245 cardiovascular disease, and all-cause mortality 246247,

associated with frailty
Despite the fact that immune consequences of both HIV and CMYV infection bear similarities
with biological aging, the two viruses exert different effects on CD8 T cell differentiation.

While HIV-specific CD8 T cells proliferate in response to infection, this population rapidly
deteriorates upon cART initiation 24324°_ In contrast, the population of CMV-specific CD8 T
cells continues to expand, occupying a continuously increasing proportion of the total memory
CD8 T cell population in a progression known as “memory inflation” 225! Furthermore,
CMV-specific CD8 T cells are more differentiated, have shorter TL, and are more similar with
age-associated senescent populations than their HIV-specific counterparts 2°2-2%, although both
populations lack expression of CD28. It is also worth noting that even though CMV infection is
associated with shorter TL among T cells 2, its effect on LTL is less clear, with a study showing

decreased LTL with CMV infection 2° and another showing no effect 2%’

Regardless of the differences in immune aging between HIV and CMV infection and their
relative impact, it appears that the consequences of coinfections are cumulative. Compared to
PLWH who are CMV-negative, people living with cART-controlled HIV who are coinfected
with CMV have increased CD8 T cell counts, expanded senescent CD8 T cell populations,
decreased CD4:CD8 ratios, increased inflammation, as well as a persistently larger population of
CMV-specific cells 22260, The pronounced effect of CMV in PLWH is consistent with a small

randomized controlled trial of PLWH coinfected with CMV, in which those treated with the
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antiviral medication valganciclovir had significantly reduced T cell activation compared to the
untreated group 251, Moreover, in a mixed population of people living with cART-controlled or
uncontrolled HIV, those coinfected with CMV are considerably more likely to experience more
severe non-AlIDS comorbidities, especially cardiovascular and cerebrovascular diseases,
compared to PLWH who are CMV seronegative 22, PLWH who have detectable CMV viremia
are also at higher risk of mortality 2. Among a more homogenous population of people living
with cART-controlled HIV, a link between CMV antibody titers and subclinical cardiovascular
disease remains 24, CMV appears to have the largest effect on immune aging among
coinfections that commonly occur in PLWH, and it may be representative of a cumulative
exacerbation of immune burden of coinfections with other chronic viruses such as hepatitis C
virus (HCV) and hepatitis B virus (HBV), or other herpes viruses including EBV, Herpes
simplex viruses 1 and 2 (HSV-1 and HSV-2), as well as Varicella zoster virus (VZV). More
research is needed to determine whether the accumulation of chronic/latent viral infections is

associated with a corresponding progressive deterioration of the immune system.

1.8 HIV slow progressors

1.8.1 Prevalence and subgroups

In consideration of HIV infection as a human model of immune aging, it would be useful to
study PLWH who appear to have a natural defense against the virus, or at least a resistance
against the typical rate of disease progression. These SPs can control HIV and impede disease
progression in the absence of cCART with varying degrees of success. Among PLWH, estimates

of SP prevalence range from 0.3% to 25% 265-2%°, More recent estimates are on the lower end of
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that spectrum 279-2"3 likely because the threshold for cART initiation has become more stringent
with time, leading to earlier cART initiation and a greater chance that a person would have
begun treatment prior to being identified as an SP. The wide variance in prevalence estimates is
at least in part the result of a lack of consensus in defining the SP population, which itself
reflects the heterogeneity of this population in terms of the effectiveness of their natural defense

against HIV infection.

This heterogeneity has also led to the subcategorization of the SP population, although the
number of subgroups, their subgroup names, and their defining characteristics also fluctuate. All
SP definitions share the common attribute of resistance to HIV disease progression in the
absence of CART. Beyond this, subcategorization is based on the level of viral control as
measured by HIV pVL, immune integrity as measured by CD4 count, and/or duration of HIV
infection without progression to AIDS while cART-naive. Those with the highest level of
natural HIV control are known as elite controllers. Elite controllers are the rarest subgroup of
SPs, comprising of <0.5% of PLWH 27%2"* who can maintain undetectable HIV pVL. However,
this is a moving target, as detection limits of assays measuring viremia improve over time. In
fact, modern assays with a limit of detection approximately 100-fold lower than previous
methods reveal that the majority of elite controllers have very low level viremia 2’°, which
appears to be higher than that of cART-controlled PLWH 278, Virologic controllers are another
subgroup who can maintain a detectable but low HIV pVL, typically <2,000 or <3,000
copies/ml. Most published studies required elite and/or virologic controller classifications to
also include a minimum duration of infection of typically 7 to 10 years 266-268270.272-274 '\y/hjle

others used a less stringent minimum duration of 2 years or less 271276277 |_astly, non-virologic
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controllers have higher HIV pVL than virologic controllers, the former describing PLWH who
have the least control over viremia, yet do not progress to AIDS. This subgroup is typically
distinguished from progressors by a minimum duration of infection of typically 7 to 10 years, a
threshold guided by the average time of progression to AIDS and resembling the criteria used in
many elite and virologic controller definitions. For all SP subgroups, many studies require the
maintenance of immune competence as measured by a minimum CD4 count 26°-267.270272.273
which can range from 200-500 cells/mm?3, but this requirement is not consistently implemented
214276217 " In summary, while there are common trends among SP subgroup definitions, there is
no consensus on the quantitative characteristics that define each subgroup, and many previous
studies exploring the immune differences between SP subgroups do not describe exactly the
same populations. Figure 1.2 describes the prevalence of SPs and elite controllers relative to the
entire populations of PLWH and PLWH on cART, and Figure 1.3 describes HIV disease

progression in the same four populations.
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Figure 1.2 Prevalence of SPs and elite controllers.

Prevalence of SPs and elite controllers are shown relative to the population of PLWH using the sizes of the circles.
The populations of PLWH with and without cART are shown in the green and blue circles, respectively. The
prevalence of SPs and elite controllers among PLWH are shown as the orange and purple circles. Average and
maximum prevalence estimates are shown for SP and elite controller populations as darker and lighter orange and
purple circles. The overlap between people living with cART-controlled HIV and SPs/elite controllers demonstrate
that a proportion of SPs/elite controllers may not be identified as such if they are on cCART.
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HIV viral control and immunodeficiency as measured by viral load and CD4 count among PLWH with and without
CART, including SPs and elite controllers. In PLWH on cART, treatment initiation is assumed to occur between the
acute and chronic phases.
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1.8.2 Putative mechanisms

The source of the natural protection against HIV among SPs remains a mystery, with no unifying
characteristics among this heterogeneous population. Of note, two genetic traits are
overrepresented among SPs: a 32 base pair deletion in the C-C motif chemokine receptor 5 gene
known as CCR5432 and the human leukocyte antigen (HLA) class | allele HLA-B57. CCR5
encodes a coreceptor that certain variants of HIV require for entry into CD4 T cells, and
CCR5432 encodes a truncated receptor that prevents HIV entry and infection 2’8, As such,
people with homozygous CCR5432 alleles are highly resistant to infection of these variants
219.280 and heterozygous CCR5432 is associated with slow disease progression 281283, The
prevalence of individuals with CCR5432 alleles is more than twice as high in SPs compared to
progressors 284284 HL_As are a class of molecules that, in the context of HIV, present viral
antigens to CD8 T cells, allowing those cells to identify and kill infected cells. The HLA-B57
allele is associated with slow progression with prevalence estimates up to ten times higher
among SPs than progressors 274277:285286 - The mechanism by which HLA-B57 confers protection
against HIV is unclear, but there is some evidence suggesting that CD8 T cells specific to HIV
antigens presented by HLA-B57 have greater proliferative capacity 267 and resistance to Treg
suppression 28 compared to other CD8 T cells. Although CCR5432 and HLA-B57 represent two
genetic markers that confer the most protection against HIV, many SPs do not possess either
allele. Furthermore, many other alleles, including other HLA alleles, have higher representation

among the SP population 2°.

Slow progression can also be partially attributed to infection with strains of HIV that are less

virulent. For example, certain deletions in the HIV nef gene have been associated with slow
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progression 2%02%! and viruses isolated from SPs occasionally have reduced replicative capacity
292-29% However, replication-competent HIV has also been isolated from elite controllers 2%,
suggesting that even PLWH with the highest level of natural viral control can do so independent

of strain-specific characteristics.

In 2015, the WHO recommended cART in all PLWH regardless of CD4 count when it became
evident that early treatment initiation results in better clinical outcomes 6. Prior to this, CART
was initiated based on disease progression as indicated by CD4 count, which led to SPs often
being left untreated for many years. Therefore, the window of opportunity to study SPs in the
context of HIV-mediated accelerated immune aging is closing. It is unknown whether the SP
ability to control HIV also confers protection against HIV-mediated immune aging, and one of
the primary goals of this thesis is to ascertain whether this natural defense is associated with a
more favourable immune aging profile compared to people living with uncontrolled and/or

cART-controlled HIV.

1.8.3 Immune aging

Little is known about immune aging in SPs, though poorer non-AIDS health outcomes have been
seen among SPs compared to cCART-controlled PLWH. According to one study that collected
data from multiple sites across the United States, rate of hospitalizations among elite controllers
appeared to be higher than among people living with cART-controlled HIV, especially

hospitalizations related to cardiovascular disease 2%.
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Among SPs, PBMC TL appears to be shorter than that of HIV-negative controls and comparable
to that of progressors 2°’. However, TL measurements in the CD8 T cell compartment are
comparable between SPs and HIV-negative controls, which are themselves longer than those of
progressors 2%, Furthermore, among HIV-specific CD8 T cells, SPs have longer TL as well as
higher telomerase activity compared to uncontrolled progressors (UPs) 2%. Consistent with the
above TL studies, a previous study showed that SPs have younger CD8 T cell distributions, with
more naive CD8 T cells and fewer senescent CD8 T cells compared to progressors 3. The
opposite is true when comparing SPs with HIV-negative controls, who have an even less
differentiated CD8 T cell population. Taken together, these studies suggest that the CD8 T cell
compartments of SPs are protected against immune aging, although this protection does not
extend to the entire PBMC compartment. The lack of comparison to cART-controlled PLWH in
these studies limits the interpretability of this result and its impact in the post-cART era.
Importantly, it remains unknown whether SP status is superior to CART in the context of
protection against HIV-mediated immune aging. Figure 1.4 illustrates CD8 T cell
differentiation with age in untreated and treated PLWH as well as the HIV-negative general

population, while describing the putative protective effect of SP and elite controller status.
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Figure 1.4 Schematic of CD8 T cell differentiation with age.

CD8 T cell differentiation declines with age in the HIV-negative general population. This effect is exacerbated in
PLWH and is only partially mitigated by cART. The putative effect of SP and elite controller status is also indicated
by dashed lines. In this schematic, SP and elite controller status is assumed to mitigate CD8 T cell differentiation
with age, and HIV acquisition is assumed to occur prior to 30 years of age.
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Differences in immune aging markers between SPs and cART-controlled PLWH are not well-
characterized. One study showed that HIV elite controllers have higher levels of T cell
activation compared to both cART-controlled PLWH and HIV-negative controls 1. Aging
markers were not assessed, though it is possible that the HIV elite controllers maintained
abnormal T cell activation as a consequence of naturally controlling HIV replication.
Furthermore, in the same study, higher T cell activation was associated with lower CD4 T cell
count, even among elite controllers, leading the authors to suggest that T cell activation is a

better indicator of disease progression than HIV replication.

Despite the growing body of literature supporting HIV-mediated accelerated immune aging, even
among people successfully treated with CART, several key questions remain. It is unclear to
what extent T cell subset aging is affected by cART-controlled HIV infection relative to
progressors. In addition, it remains unclear to what extent HIV SPs are protected against HIV-
mediated immune aging overall. If SPs show signs of alleviated immune aging compared to UPs
or even cART-controlled PLWH, then investigating immunity in this unique population may
benefit aging research in the general population. Whereas cART-controlled PLWH may be a
human model of immune aging, SPs may be a protective model against it. Conversely, if HIV
SPs show signs of accelerated immune aging compared to CART-controlled PLWH, then this
population may be an example of antagonistic pleiotropy 3%, in which mechanisms that serve a
protective role in the present may become detrimental in the future. To date, no sufficiently
powered study has compared immune aging in SPs to cART-controlled PLWH, especially with
more granular assessments of immune aging such as measuring TL within relevant immune

subsets. To address this, an in-depth investigation into immune aging markers in SPs, CART-
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controlled PLWH, UPs, and HIV-negative controls was conducted in order to directly address
the potential benefit of treating SPs and/or elite controllers with CART and is described in

chapter 4.

1.9 Objectives and main hypothesis

The principal goal of my PhD research was to investigate markers of aging in PLWH using HIV
infection as a human model of aging.

My objectives were to:

1. Develop an MM@PCR assay to measure mtDNA content for use in PBMC subsets that,
relative to previously established gPCR assays, has (Chapter 2)
a. high concordance,
b. alow limit of detection, and
c. alow assay variance.

2. Inalarge (N~300 per group) sample of PLWH and HIV-negative controls, investigate
the (Chapter 3)
a. effect of HIV infection and HIV-related clinical parameters on LTL and WB
mtDNA content and
b. relationship between LTL and WB mtDNA content
both cross-sectionally and longitudinally.

3. Inasmaller (N~55 per group) sample of SPs, cCART-controlled PLWH, UPs, and HIV-
negative controls, characterize (Chapter 4)
a. the in-depth impact of HIV on cellular and immune markers of aging and
b. immune aging in SPs as a potential protective model of HIV-mediated accelerated

aging.

The overarching hypothesis of my research was that parameters representing HIV replication and
effective viral control, including pVL and SP status, would be associated with indicators of

immune aging such as the telomere-mitochondria axis of cellular aging, T cell differentiation,
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and the accumulation of senescent CD8 T cells. More granular descriptions of my research

hypotheses are included in chapters 3 and 4.
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Chapter 2: A monochrome multiplex real-time quantitative PCR assay for the

measurement of mitochondrial DNA content

2.1 Introduction

Mitochondria contain multiple copies of circular mtDNA that code for some of the proteins
necessary for oxidative phosphorylation, as well as 22 tRNAs and two rRNAs 3%, MtDNA
replicates independently of both cellular division and mitochondrial proliferation, although the
number of mtDNA copies per cell is typically maintained within a homeostatic range 343%, The
copy number of mtDNA per cell can be modulated on the basis of the cell's energetic needs as
well as the presence of the nuclear-encoded mitochondrial transcription factor A, which acts on

the promoter regions of mtDNA to regulate replication and transcription 306-3%8,

Altered levels of mtDNA copies per cell (mtDNA content) in various tissues have been
associated with aging 2% and may be a physiological response to oxidative stress 82319,
MtDNA content has been examined in the context of numerous diseases and conditions. For
example, measurable changes in mtDNA content have been reported in various forms of cancer
178311 diabetes 12313 and in HIV-infected individuals either untreated or treated with certain
antiretroviral therapy regimens %707 Some studies demonstrate the depletion of mtDNA
content by HIV infection longitudinally 7. MtDNA quantification is also of particular interest
as a potential marker for mitochondrial dysfunction in critical care 314 as well as metabolic
comorbidities such as hyperlactatemia 3*°, myopathy and cardiomyopathy 564316 peripheral and

optic neuropathies 837 and lipodystrophy 38, Furthermore, reduced mtDNA content is a
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hallmark of mitochondrial DNA depletion syndrome, a heterogeneous set of genetic disorders
that may clinically present as hepatic failure, encephalopathy, and myopathy 667 To date, the
usefulness of mtDNA content as a diagnostic and/or molecular screening tool remains a matter of
debate because of the current paucity of mechanistic evidence in various disease states, unknown
sensitivity and specificity, and a scarcity of prospective cohort studies demonstrating causality
319-321 ‘Nevertheless, it is likely that the use of mtDNA content measurements in both clinical and
research settings will become more prevalent as data are generated and their biological relevance
is more clearly established. Real-time qPCR is the preferred method of measuring mtDNA
content because of its applicability in both fresh and archived tissues, its high-throughput nature,

and extensive use history for more than a decade.

In 2009, Cawthon % described an MMgPCR technique for the measurement of telomere length,
exploiting copy number differences and melting temperatures of single-copy and telomeric DNA
amplicons. Our group has previously described optimization conditions for this technique on the
LightCycler 480 platform (Roche Molecular Systems, Pleasanton, CA) with SYBR green
intercalating fluorescent dye 1. Herein, we implement the MMgPCR method for the
measurement of mtDNA content on the basis of the same principles. We present quality control
considerations and quantify assay variance, and we juxtapose the performance of this assay

relative to the gold standard monoplex gPCR.

2.2 Materials and methods
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2.2.1 Ethics statement
This study was approved by the University of British Columbia Research Ethics Board. All study

participants and volunteer blood donors provided written informed consent.

2.2.2  Study specimens

Human tissues (n = 130) and cultured human cell specimens (n = 30) were used in this study.
Our sample of convenience consisted of human DNA from the following tissues: WB (n = 46),
mouth swab (n = 30), as well as biopsy samples of skeletal muscle (n = 35), subcutaneous fat (n
=4), heart (n = 4), liver (n = 4), lung (n = 4), and kidney (n = 3). These were randomly selected
from a DNA biobank of specimens from previously published studies 22324, In addition,
cultured human cells were used: JEG-3 (ATCC-HTB-36) and BeWo (ATCC-CCL-98) placental
cells, CCRF-CEM (ATCC-CRM-CCL-119) T-lymphoblast cells, and HEK-293 (ATCC-CRL-
1573) embryonic kidney cells. As part of other studies, cultured cells had been exposed to HIV

antiretrovirals, some of which affect mtDNA content 7.

2.2.3 DNA extraction and storage

Total genomic DNA from WB (0.1 ml) and cultured cells (approximately 1 x 106 cells) was
extracted using the QlAamp DNA Mini Kit (Qiagen, Hilden, Germany) on the QIAcube,
according to the manufacturer's blood and body fluid protocol, with modifications as previously
described 3. Total DNA from muscle, fat, heart, liver, lung, and kidney tissues was collected

and extracted as described in previous studies 322324,
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224 MMQgPCR

MtDNA content was defined as the ratio of the copy number of mitochondrial genomes
normalized to the copy number of a single-copy nuclear gene. Fragments of the mitochondrial
displacement loop (D-loop) and albumin (ALB) were used as mtDNA and nuclear DNA (nDNA)
sequences, respectively. Both sequences were amplified in a single 10-uL reaction containing

1x LightCycler SYBR Green | Master (Product number 04707516001; Roche Molecular
Systems), 0.9 umol/L of each of the following four primers (AlbuF, AlbdR, D-loop_MPLX_F,
and D-loop_ MPLX_R), 1.2 mmol/L ethylenediaminetetraacetic acid (EDTA), and 2 uL of
genomic DNA template (approximately 0.3 to 35 ng/uL). Primers were high-performance liquid
chromatography purified (Integrated DNA Technologies, Coralville, 1A), and their sequences are
presented in Table 2.1. Noncomplementary tags were added to the 5’ end of the primer
sequences to modify amplicon melting temperatures. Degenerate bases in D-loop primers were
incorporated to accommodate common mtDNA sequence variants, as reported in Mitomap
(http://www.mitomap.org, last accessed October 4, 2017), an integrated database of human
mtDNA sequence variants 3. The thermal cycling program started with a 95°C enzyme
activation (hot-start) incubation for 15 min and was followed by 40 cycles of 94°C for 15 s, 62°C
for 10 s (2.2°C/s), 74°C for 15 s, 84°C for 10 s, and 88°C for 15 s, with two signal acquisitions at
the end of the 74°C and 88°C stages. Temperature ramping rates were all 4.4°C/s unless

specified.
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Table 2.1 Primer sequences.

Assav Tvoe | Target Accession Amplicon Forward | Forward Primer Reverse Reverse Primer
y 1y Y no.* size, bp Primer Nucleotide Sequence Primer Nucleotide Sequence
5% 57
'\’F',‘g‘gp'ex L\:’gl r\ic_ngzo 197 CCOIF | TTCGCCGACCGTTGAC | CCOIZR | AAGATTATTACAAATG
4 : TATT -3’ CATGGGC -3°
57 57
'\’F',‘g‘gp'ex POLG2 SN';"—OWH 186 ASPG3F | GAGCTGTTGACGGAAA | ASPGAR | CAGAAGAGAATCCCGG
4 : GGAG -3’ CTAAG -3’
5% 57
"’F'fg‘gp'ex Drloop | hO-"12920 | 150 MT325F | CACAGCACTTAAACAC | MT474R | AGTATGGGAGTGRGAG
q ' ATCTCTGC -3’ GGRAAAA -3’
5 57
"’F'fg‘gp'ex ALB '7\‘2"—00047 44 AlbuFM | AAATGCTGCACAGAAT | AlbdRM | GAAAAGCATGGTCGCC
q : CCTTG -3’ TGTT -3
57 5
M 00047 CGGCGGCGGGCGGE GCCCGGCCCGCCGCG
Mmgecr | Ag | DV 98 AlbuF | GCGGGCTGGGCGGA | AlbdR | CCCGTCCCGCCGGAA
: AATGCTGCACAGAATC AAGCATGGTCGCCTGT
CTTG -3° T3
57 57
VMaPCR | Dotogy | NC_012920 | oo D-loop_ | ACGCTCGACACACAGC | D-loop_ | GCTCAGGTCATACAGT
a Pl MPLX F | ACTTAAACACATCTCT | MPLX R | ATGGGAGTGRGAGGGR
GC-3 AAAA -3’

Boldfaced nucleotides represent noncomplementary GC clamps, and underlined nucleotides represent
noncomplementary bases added to increase the melting temperature of the amplicon. Degenerate (50% A, 50% G)
bases are represented by R. *https://www.ncbi.nlm.nih.gov
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A standard curve was included on each plate (r > 0.999), consisting of a mixture of two pCR2.1-
TOPO plasmids, each containing one of the amplicons. The two plasmids were mixed at a 50:1
ratio of D-loop/Alb, serially diluted 1:5 to obtain a range of 3250 to 1.27 x 10° copies of D-loop
and 65 to 2.5 x 107 copies of ALB. A total of 40 DNA specimens were assayed in duplicate in

each run.

Data were acquired on the LightCycler 480 software version 1.5.1.62 SP2. The signal acquired
at 88°C is reflective of only ALB amplicon copy number, given that the D-loop amplicon

dissociates at a lower temperature. Although the 74°C signal technically represents the sum of
both D-loop and ALB amplicons, the quantity of ALB is negligible at cycle threshold (Ct) given
the usually much higher amount of D-loop. Therefore, the 74°C Cr can be used to calculate D-

loop copy number, and the 88°C C+ can be used to calculate ALB copy number.

Data from an MM@PCR run were exported from the LightCycler 480 software as one text file
and imported into Microsoft Excel (Microsoft Corp., Redmond, WA) to delineate the D-loop
(74°C) and ALB (88°C) signals with the program and segment markers specified by the
LightCycler 480 software. Using the thermal cycling program described herein, D-loop data are
recorded in Program 2, Segment 3, and ALB data are recorded in Program 2, Segment 5. Once
separated, data for each amplicon were individually exported as text files and converted into grid
format using LC480 Conversion version 2.0. Baseline corrections and Ct determination were
done on the LinRegPCR software version 2012.1, as previously described 327, Both programs
are freely available from the Heart Failure Research Center (Amsterdam, the Netherlands;

http://www.hartfaalcentrum.nl/index.php?main=files&sub=0, last accessed September 25, 2017).
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More details regarding data analysis workflow can be found in a previous publication by our

101

group

2.25 Monoplex gPCR

Monoplex gPCR was based on a previously described fluorescein probe method " adapted to the
SYBR intercalating dye. DNA samples were assayed twice by monoplex gPCR, amplifying two
different sets of mtDNA and nDNA amplicons each time, each gene in a separate qPCR. In the
first set, primers complementary to the cytochrome c oxidase subunit 1 (MT-CO1: CCOI1F and
CCOIZ2R) and polymerase (DNA-directed), y2, accessory subunit (POLG2: ASPG3F and
ASPG4R) were used as the mitochondrial and single-copy nuclear genes, respectively. In the
second set, the same D-loop (MT325F and MT474R) and ALB (AlbuFM and AlbdRM)
sequences as above were amplified, although the D-loop and ALB monoplex primers did not
contain any noncomplementary tags (Table 2.1). Quantification of both genes within a set took

place in different wells but on the same plate.

Each 10-uL reaction consisted of 1x LightCycler SYBR Green | Master, 1 umol/L each of
forward and reverse primers, and 2 uLL of genomic DNA template (approximately 0.3 to 35
ng/uL). The thermal cycling program started with 95°C enzyme activation (hot-start) incubation
for 10 min. This was followed by 45 cycles of 95°C for 5 s, 60°C for 10 s (2.2°C/s), and 74°C
for 5 s, with signal acquisition at the end of the 60°C stage and temperature ramping at 4.4°C/s

unless indicated. Data were acquired on the LightCycler 480 software version 1.5.1.62 SP2.
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A standard curve for each gene was included on each plate. The standard curves for the MT-
CO1/POLG?2 set consisted of 1:10 serial dilutions of a cloned plasmid (pCR2.1-TOPO;
Invitrogen, Carlsbad, CA) containing a single copy of both MT-COI and POLG2 amplicons, with
a linear range of 4.3 x 10° to 4.3 x 10° copies (r > 0.999). For the D-loop/Alb set, the same
standard curve as for MMgPCR was used for convenience. A total of 17 DNA specimens were

assayed in duplicate per run.

Data from each gene were independently exported from the LightCycler 480 software as text
files and processed with LC480 Conversion and LinRegPCR, as described in the MMgPCR
assay above. The data do not need to be sorted by acquisition because each amplicon was

measured in separate PCRs.

2.2.6 gPCR quality control

In-house quality control (QC) practices have been established for this assay. These involve a
run-specific QC followed by a specimen-specific QC. To ensure the quality of any given run,
two internal controls (ICs) and a negative control were included on each plate. One IC was
composed of pooled WB DNA extracts from 12 volunteers, and the other was DNA extracted
from SK-BR-3 (ATCC-HTB-30) mammary gland epithelial cells. The negative control
consisted of DNA elution buffer (Buffer AE; Qiagen) in place of template DNA. For an
MMQgPCR run to pass QC, it must not violate more than one of the following criteria: i) IC
measurements in each run must fall within 2 SDs of IC measurements from previous runs
performed under the same conditions; ii) PCR efficiencies of each gene (as determined by the

standard curve) must each lie between 90% and 100% (1.80- to 2.00-fold amplification per
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cycle); iii) differences in PCR efficiencies between the two genes must be <2.5%; iv) the mean
of the difference between duplicate mtDNA content measurements must be <10%; and v) signal

in the negative control must be absent or negligible (>3C; below the last standard).

Specimen-specific QC was based on variation between specimen duplicates. For MMgPCR,
data for individual extracts are accepted if mtDNA content measurements (D-loop/Alb ratio)
between duplicates varies by <15%. In monoplex qPCR, data for individual extracts are
accepted if both individual genes and their ratio (mtDNA content) measurements between
duplicates vary by <20%. For both methods, DNA extracts that do not meet QC criteria are
repeated in duplicate. If the repeated measurement still does not meet QC criteria, the CV of all
four replicates is determined, and the average of the four replicates is accepted if their CV is
<10%. Otherwise, data for that DNA extract are excluded from the analysis. In this study,
approximately 5% of initial measurements needed to be repeated, and all repeated data were

accepted.

More detail on MM@PCR QC can be found in our previous publication 1,

2.2.7 Statistical analysis

All gPCR data were log transformed for statistical analyses. Correlations between monoplex
gPCR and MMgPCR were tested using Pearson's correlations on XLSTAT 2013 version 1.01
(Addinsoft, Paris, France). Concordances between assays were determined with Lin's
concordance correlations (pc) using online software provided by the National Institute of Water

and Atmospheric Research in New Zealand (https://www.niwa.co.nz/node/104318/concordance,
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last accessed September 25, 2017). Reproducibility was evaluated by comparing measurements
made across several runs with those of the same DNA samples on a single repeat run. Intra-
assay variability was determined from the CV of 12 to 20 replicate measurements of an IC on a
single run. Interassay variability was derived from the CV of an IC included in 6 to 22 runs.
Reproducibility and variability data were collected by several operators within our group. All

available data from all operators are presented herein.

2.3 Results

The principle of this novel mtDNA content MM@PCR technique was influenced by a telomere
MM(PCR technique 1% that our group previously optimized for the LightCycler platform 12,

The MM@PCR design offers improvements in time effectiveness and cost-effectiveness while

diminishing the impact of pipetting error.

This assay relies on the addition of extra nucleotides to the PCR primers to alter the dissociation
temperatures of the two amplicons. This was done such that the signal of only one amplicon can
be acquired at a higher temperature than the signal from both. Herein, longer GC-rich tags were
added to ALB MMQgPCR primers (as with the original telomere publication %) and shorter tags
were added to D-loop MMQPCR primers. Consequently, the combined D-loop/ALB signal can
be acquired at 74°C, whereas only the ALB signal is acquired at 88°C. Both acquisitions occur
within each cycle, facilitating duplex signal acquisition similar to that of duplex probe-based
gPCR assays. Because mtDNA genomes typically greatly outnumber nuclear genomes, the 74°C

acquisition can be used to directly estimate D-loop copy number. A schematic of the cycling
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program as well as amplification profiles of the mitochondrial and nuclear amplicons can be

found in Figure 2.1.
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Figure 2.1 gPCR cycling program and amplification profiles.

(A) Schematic describing gPCR cycling program. Amplification profiles of mtDNA and nuclear DNA showing (B)
high and (C) low mtDNA content DNA specimens. RFU, relative fluorescence units.
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2.3.1 Agreement between monoplex gPCR and MMQgPCR

In this study, DNA specimens from diverse human tissues (Table 2.2) were assayed with
MMQgPCR (D-loop/ALB) and two versions of the monoplex gPCR (MT-CO1/POLG2 and D-
loop/ALB) to perform comparisons between the two techniques. The MM@PCR targets the same

D-loop and ALB sequences as one of the monoplex gPCR assays.

46



Table 2.2 mtDNA content of human tissues or specimens.

Tissue or specimen (N) mtDNA content median [interquartile range] (range)
Muscle (35) 2012 [1684-3031] (511-7524)

Fat (4) 501 [343-667] (138-893)

Heart (4) 3169 [2891-3543] (2772-3951)

Kidney (3) 571 [407-929] (243-1286)

Liver (4) 994 [600-1272] (179-1347)

Lung (4) 420 [113-910] (73-1494)

Mouth Swab (30) 236 [175-298] (103-437)

Whole Blood (46) 99 [66-117] (39-196)

Cultured immortalized cells (30)* 264 [183-509] (40-1946)

MtDNA content is the ratio of the copy number of mitochondrial genomes normalized to the copy number of a
single-copy nuclear gene. *Cultured cells were exposed to mtDNA content-altering antiretroviral drugs.
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There was a strong correlation (Pearson's r > 0.98) and agreement (Lin's pc > 0.95) between
MMQgPCR data and both forms of monoplex gPCR (Figure 2.2, A and B). Lin's concordance
correlation coefficient 328 as reported herein, is a reproducibility index that evaluates goodness of
fit to a line with a slope of 1 that passes through the origin. This metric is sensitive to systematic
variance between assays that changes the slope or y-intercept in a line of best fit, but would not
be reflected in the Pearson's correlation. Although the robust Pearson's correlation indicated that
both measures were proportional, the strong Lin's concordance also confirms that one assay
approximated the exact values of the other assay. MtDNA content measurements extended
linearly from 39 to 7524 copies of D-loop per copy of ALB, across a nearly 200-fold range. In
subanalyses involving only blood or muscle tissue that covered narrower ranges (approximately
fivefold range for blood and approximately 15-fold range for skeletal muscle), correlations
ranged from 0.80 < r < 0.90 (Figure 2.3). Correlations of individual gene measurements
between MMgPCR and monoplex qPCR among all DNA samples were also robust, spanning

0.96 <r<0.98 (Figure 2.4).
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Figure 2.2 Concordance between mtDNA content of MMgPCR vs. monoplex gPCR (n=160) and assay reproducibility (n=98).
Pearson’s correlations between (A) MMgPCR (ALB/D-loop) vs. monoplex qPCR (ALB/D-loop), and (B) MMgPCR (ALB/D-loop) vs. monoplex gPCR (MT-
CO1/POLG2) are shown. (C) Pearson’s correlation of MMgpCR assay reproducibility from three operators (n=18, n=28, and n=52) are shown in aggregate.
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Figure 2.3 Subanalysis of concordances between MMgPCR and monoplex gPCR of whole blood and muscle
samples.

Pearson's correlations between (A) MMgPCR (ALB/D-loop) and monoplex gPCR (ALB/D-loop) of whole blood,
(B) MMgPCR (ALB/D-loop) and monoplex gPCR (ALB/D-loop) of muscle, (C) MMgPCR (ALB/D-loop) and
monoplex gPCR (MT-CO1/POLGZ2) of whole blood, and (D) MMgPCR (ALB/D-loop) and monoplex qPCR (MT-
CO1/POLG2) of muscle are shown. mtDNA, mitochondrial DNA.
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Figure 2.4 Subanalysis of concordances between nuclear and mitochondrial DNA copy numbers of MMgPCR

versus monoplex qPCR.

Pearson's correlations between (A) MMgPCR (ALB) and monoplex qPCR (ALB), (B) MMgPCR (D-loop) and
monoplex gPCR (D-loop), (C) MMgPCR (ALB) and monoplex gPCR (POLG2), and (D) MMgPCR (D-loop) and
monoplex gPCR (MT-COL) are shown. Lin’s concordance (pc) is shown only for ALB and D-loop data, because
POLG2 and MT-COLl data are not calibrated for absolute quantification.
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2.3.2 MMQPCR reproducibility and variability

Data collected by multiple operators over a period of 2 years were used to assess the real-life
reproducibility and variability of this assay. Each of three operators repeated a random subset (n
= 18 to 52) of their DNA sample from previous studies (E. Kimmel, M. Budd, and M. Zhu,
unpublished data). The correlations between initial and repeated measurements on a different day
were 0.96 <r < 0.99 for all operators. Taken together (Figure 2.2C), the overall correlation (r)

and agreement (pc) were 0.99 and 0.99, respectively.

Interassay variability measured across 6 to 22 runs was determined for five different operators,
and these ranged from 2.9% to 6.2% for the low I1C and from 4.8% to 9.2% for the high IC.
Intra-assay variability (n = 12 to 20) ranged between 4.3% and 7.9%, measured by four

independent operators.

2.3.3  Amplicon specificity

Both D-loop and ALB MM@PCR products were visualized on agarose gel electrophoresis
(Figure 2.5A). In separate reactions containing only one set of primer pairs, only the
corresponding product is seen. This was demonstrated using both ICs, because their DNA are

derived from different sources.

The Cr values of both 74°C and 88°C acquisitions were used to monitor amplification in the
presence of the ALB primer pair, the D-loop primer pair, or both. With both sets of primers
present, the Cr of the 74°C acquisition was considerably lower than that of the 88°C acquisition

(Figure 2.5B), as would be expected given the greater abundance of the D-loop amplicon. The
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actual ACT between the two temperatures is related to the measured mtDNA content. When
only ALB primers were present, the Ct values of both acquisitions were identical, indicating that
the ALB signal measured at 74°C may also be measured at 88°C. When only D-loop primers
were present, there was no signal in the 88°C acquisition, indicating that the D-loop amplicon
measured in the 74°C acquisition is fully dissociated at 88°C. These results demonstrate the
specificity of the 74°C and 88°C acquisitions by showing that D-loop, but not ALB, is dissociated

at 88°C.
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Figure 2.5 MM@PCR primer and signal acquisition specificity.

(A) Visualization of MMg@PCR amplicons on 2.5% agarose gel. Lanes 1 and 9 were loaded with 1kb Plus DNA
ladder. Lanes 2 through 4 show PCR products from reactions with both primer sets, the ALB primer pair, and the D-
loop primer pair, respectively, amplified from an IC. Lanes 5 through 7 show the same arrangement of reactions
amplified from the second IC. Lane 8 is a negative control (DNA elution buffer) with all primers. All PCR
products were diluted 1:10 prior to loading onto the gel. (B) Cr values of both 74°C and 88°C acquisitions are
shown in reactions containing all primers, the ALB primer pair, and the D-loop primer pair. Cr values are derived
from 8 technical replicates, and error bars are standard deviation. The small difference in 74°C Cy values between
reactions with and without the albumin primer is related to the influence of the albumin primer on the background
fluorescence.
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2.3.4 Assay limitations

In most biological tissues, the copy number of mtDNA greatly exceeds that of nNDNA. Under
these typical circumstances, the amount of ALB amplicon in the 74°C acquisition is negligible,
so the 74°C signal can be directly used to calculate D-loop copy numbers. However, in scenarios
where mtDNA copies do not vastly outnumber nDNA copies, ALB amplicons detected by the
74°C acquisition will artificially inflate calculated D-loop values and the MMQgPCR assay will
overestimate mtDNA content. To determine the critical D-loop/ALB ratio below which this error
inflates the inherent intra-assay variability, both ICs were quantified with a series of standard
curves constructed using different ratios of D-loop and ALB plasmids. Standard curves below
the critical ratio would be affected by the same error, and calibration based on such standard
curves would, therefore, underestimate the true D-loop/ALB ratio of the ICs. Given this, the
critical standard curve ratio below which measured IC ratios are underestimated reflects the
minimum mtDNA/nDNA ratio in the template DNA that can be accurately quantified using this

method.

According to the data, standard curves with a D-loop/ALB ratio of at least 20 were needed to
accurately quantify mtDNA content of either IC (Figure 2.6A). Standard curves with a D-
loop/ALB ratio of 50 were used in this study. By doing so, the assay avoids the error mentioned
above and maximizes the quantifiable range of template DNA copy number when measuring
MtDNA content in various tissues. As expected, there was no such minimum ratio when tested

using monoplex gPCR (Figure 2.6A).
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The limit of quantification of the MMgPCR assay was determined by replicate measurements of
serially diluted pooled WB DNA samples. The attempts to quantify <82 pg of template DNA per
reaction were constrained by rapidly increasing variance attributable to sampling error (Figure

2.6B). As such, 82 pg/reaction is reported as the lower limit of reliable quantification.
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Figure 2.6 MMgPCR minimum quantifiable mtDNA content and limit of quantification.

(A) MtDNA content of an I1C were calculated from both MMgPCR and monoplex qPCR using standard curves
prepared with different ratios of ALB and D-loop plasmids. The vertical dotted line marks the minimum quantifiable
mtDNA content (20) using MM@PCR. IC mtDNA content values represent 6 technical replicates. Error bars
represent standard deviation. (B) The CV of MtDNA content measurements of serially diluted quantities of human
WB DNA are shown. Each data point is derived from 20 technical replicates, and the vertical dotted line indicates
the limit of quantification: ~82 pg/reaction.
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2.4 Discussion

MtDNA content is an increasingly prevalent biomarker across both clinical and basic research,
particularly in studies of bioenergetics, mitochondrial disease, drug toxicity, and aging. Thus far,
the most widespread and cost-effective method of mtDNA content measurement involves
quantification of mitochondrial and nuclear genomes using either two qPCRs or two multiplexed
hybridization probes in a single reaction. Deriving mtDNA content from two reactions
introduces pipetting and interreaction variability, whereas hybridization probes are generally
more expensive than DNA intercalating dyes and more sensitive to batch-to-batch or lot
variability. Herein, we apply the MMgPCR technique to the measurement of mtDNA,
developing a one-tube monochromatic multiplex assay using the DNA-intercalating dye SYBR

Green.

To properly assess the agreement between the MM@PCR assay and classic monoplex qPCR, a
diverse set of study applications were simulated by testing diverse human tissues with a broad
range of mtDNA content, a commonly assayed specimen at the low end of the biological range
of mtDNA content; mitochondria-rich tissues, such as skeletal muscle and heart, were used to
represent the higher range. To demonstrate the effectiveness of this assay with in vitro
experiments that may require measurement of mtDNA content values outside the typical
biological range, cultured human cells exposed to HIV antiretrovirals were assayed. This study is
strengthened by the comparison of MMgPCR measurements with two monoplex gPCR data sets,
including one that exploits the same complementary regions of D-loop and ALB as the MMgPCR
assay. The latter revealed the variability (3%) that may be attributed solely to the difference

between monoplex and multiplex. The comparison between D-loop/ALB MMgPCR and MT-
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CO1/POLG2 monoplex qPCR also captured the variability introduced by changing the PCR
targets, and no meaningful decrease was detected because the correlation with the MMgPCR was
similarly high. more stringent quality control may be applied to the MMQgPCR assay compared
with the monoplex gPCR (<15% difference between duplicates compared with <20%) without

increasing the number of repeated measurements.

Given the increasing number of studies reporting mtDNA content measurements in translational
and clinical settings, it is paramount to both quantify and reduce the assay's variability. Herein,
we report reproducibility and variability metrics from three to five operators over a 2-year
period. the realistic influence of interoperator variance was captured, in addition to other factors,
such as different reagent lots and instrument maintenance. As such, these data represent a valid

prediction of assay performance in the hands of future operators from other groups.

As with all gPCR assays, the amount of template DNA must exceed the limit of quantification to
attain an accurate measurement. Herein, the limit of quantification (82 pg/reaction) was
determined to be on the order of 10 nuclear genomes 2°3% and well below biospecimens with a
scarcity of genetic material, such as dried blood spots 3. In addition, the mtDNA/nDNA ratio
in the DNA assayed was demonstrated to exceed 20 for accurate quantification. This is intrinsic
to the MMQPCR design, where the 74°C signal is directly used to quantify one of the amplicons
(in this case the D-loop amplicon). As such, the amplicon detected by the 88°C acquisition (in
this case the ALB amplicon) must have a negligible influence on the 74°C acquisition. Typically,
the mtDNA content of a physiologically relevant DNA sample will be substantially >20. In the

sample, WB mtDNA content ranged from 39 to 196, with a median value of 99 (Table 2.2). WB
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mtDNA content levels reported in the literature, measured using absolute quantification methods,
were similar (on the order of approximately 100 copies of mtDNA/nDNA), and even pathologies
associated with decreased WB mtDNA content still yielded mtDNA/nDNA ratios >20 3327334,
However, in cases in which cells or tissues may harbor low mtDNA content, this assay may
overestimate mtDNA content. A correction would need to be made to account for this error,
possibly by spiking the DNA specimens with a known quantity of plasmid DNA containing the
mtDNA amplicon to decrease the influence of the ALB amplicon on the 74°C signal. In the
analysis, the known copy number of the spiked plasmid would be subtracted to derive the
original quantity of mtDNA. An alternative may be to simply repeat low mtDNA content

specimens using monoplex gPCR.

The MM@PCR assay is a considerable logistical improvement on existing methods for the
quantification of mtDNA content. With the described protocol, the cost per sample may be
reduced by roughly 2.3x compared with a monoplex qPCR protocol, in which two genes are

assayed on a single plate.

This work also serves as a proof of concept for MM@PCR applications beyond the original
telomere assay, as first suggested by Cawthon 1%, These data suggest that existing two-reaction
gPCR assays may possibly be adapted to the MMQgPCR technique, which may greatly benefit
other high-throughput applications. It is fortunate that, like telomeric DNA, mtDNA greatly
outnumber nDNA.. Future development of MM@PCR assays to simultaneously measure near-
equal quantities of DNA would be hindered by the minimum quantifiable ratio discussed above

and would require the artificial increase of one of the amplicons.
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As with telomere length measurements, MMgPCR would be expected to become the method of
choice in studies aiming to quantify mtDNA content. As more data on mtDNA content are being
generated to bolster our understanding of this biomarker, the demand for low -cost high-
throughput assays will grow. The advances in time efficiency and cost-effectiveness and the

reduction of variability inherent to MMgPCR will be essential to this process.
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Chapter 3: Inverse relationship between leukocyte telomere length attrition

and blood mitochondrial DNA content loss over time

3.1 Abbreviated introduction to chapter

There is growing evidence relating both aging and HIV to either shorter LTL or altered WB
mtDNA content individually, but no studies to date have described the inter-relationship between
these two markers longitudinally, in the context of HIV or in the general population. The
objectives of this study were to investigate the effect of HIV and HIV-related clinical parameters
on two aging markers, LTL and WB mtDNA content, as well as the relationship between them.
These relationships were examined both cross-sectionally and longitudinally in a sample of 312
women living with HIV (WLWH) and 300 HIV-negative participants. We hypothesized that
HIV infection would be associated with shorter LTL and/or faster LTL attrition, as well as
decreased WB mtDNA content and/or faster WB mtDNA content loss. Furthermore, we
hypothesized that LTL and WB mtDNA content would be positively associated cross-sectionally

and/or longitudinally.

3.2 Methods

3.2.1 Study sample
Study participants included all non-pregnant women and girls >12 years old living with or
without HIV enrolled in the Children and Women: AntiRetrovirals and Markers of Aging

(CARMA) cohort between December 2008 and August 2017. WLWH were enrolled in the
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CARMA cohort during routine clinical visits at four locations across Canada: British Columbia
Women’s Hospital in Vancouver, British Columbia; the Centre Hospitalier Universitaire Sainte-
Justine in Montreal, Quebec; the Hospital for Sick Children in Toronto, Ontario; and the
Children’s Hospital of Eastern Ontario in Ottawa, Ontario. CARMA study participant visits
occurred annually between 2008-2013, and every 2-3 years thereafter. The majority (293/300) of
the HIV-uninfected participants were invited to participate through word of mouth and
advertisements placed in regions of Vancouver that have higher representation of at-risk
individuals. The remaining 7 were born from mothers living with HIV previously enrolled in
CARMA and are HIV-exposed uninfected (HEU) participants. Written informed consent was
provided by adult participants, and assent from pediatric participants was obtained with
parent/legal guardian consent. This study was approved by the University of British Columbia
Research Ethics Board at the Children’s and Women’s Hospital (H08-02018). Further details on

CARMA enrolment have been previously described #2.

Study participants total 328 WLWH and 318 HIV-negative women and girls. Of these, one
participant was excluded because no blood was collected and 33 were excluded because of
missing demographic or clinical data that was deemed essential a priori (Figure 3.1). These
variables included age, ethnicity, tobacco smoking, cannabis use, alcohol use, opioid use, HCV
infection ever, and HIV status for all participants, as well as current HIV pVL, and CD4 count at
visit for WLWH. Other data considered included BMI, household income, highest education
level completed, HCV viremia, highest HIV pVL ever recorded (peak pVL), lowest CD4 count

recorded, and platelet count (Table 3.1). For participants with >2 study visits at least one year
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apart, the last visit was used for cross-sectional analyses, and the earliest (or baseline) and latest

visits were used for longitudinal analyses.

In total, cross-sectional analyses included 312 WLWH and 300 HIV-negative participants.

Longitudinal analyses included 228 WLWH and 68 HIV-negative participants.
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Table 3.1 Essential and non-essential variables

Essential Variables

Non-Essential Variables

Age

Ethnicity

Tobacco Smoking
Alcohol Use
Cannabis Use
Opioid Use

HIV Status

HIV Viral Load
CD4 Count

HCV Infection Ever

BMI

Household Income

Highest Education

HIV Peak Viral Load
ART-naive at visit

Lowest CD4 Count Recorded
HBV Infection Ever

HCV Active Infection
Platelet Count
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Non-pregnant women and
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(Dec 2008 — Aug 2017)
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Figure 3.1 Study selection schematic.
Inclusion and exclusion criteria for present study are described. Required demographic or clinical data include age,

ethnicity, opioid use, cigarette smoking, cannabis use, alcohol use, HIV status, HIV viral load, CD4 count, and HCV
infection ever. Shaded boxes indicate samples for analysis.
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Demographic data were self-reported at study entry for all participants, and substance use data
were self-reported during study visits for participants >14 years old. HIV clinical information
were collected from medical records when available. ART-naive status, on/off CART, and the
third drug of the cCART regimen at visit were collected from medical records. HCV and HBV
infection history were self-reported and confirmed by medical records when available. Missing
data from essential variables were imputed from the nearest visit with available data, except for
detectable/undetectable HIV pVL, which was imputed from on/off ART at visit, and vice versa.
Of the 8 variables that required imputation, an average of 1.5% of the data were imputed ranging

from 0.3% to 2.4%.

3.2.2 Biospecimen collection and gPCR

WB was collected and stored at -80°C until genomic DNA was extracted from 100 pl of WB
using the QIAamp DNA Mini Kit on the QlAcube (Qiagen, Hilden, Germany) according to the
manufacturer’s blood and body fluid protocol. DNA was eluted in 100 pl of Buffer AE which

contains 0.5 mM EDTA and 10 mM Tris-Cl, pH 9.0, and stored at -80°C until assayed.

Relative LTL and mtDNA content were measured in duplicate by MM@PCR as previously
described 191192, TL was defined as the ratio between telomeric DNA quantity and the copy
number of a single-copy nuclear gene, ALB. MtDNA content measured the ratio of
mitochondrial genome copy number, measured using a segment of the mitochondrial
displacement loop, to ALB copy number. The TL assay was calibrated using fluorescent in situ
hybridization such that each unit of relative TL approximates 1 kb of telomeric DNA, whereas

the mtDNA content assay provides the mtDNA to nuclear DNA ratio.
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For both assays, quality control was applied as previously described 1°41%2, Briefly, individual
assays were accepted or rejected based on the measurements of two internal controls, the
amplification efficiency of both amplicons as calculated using a standard curve, the average
variability between all technical duplicates in the plate, and a negative control. Measurements of
individual specimens were accepted if they fell within the linear range of the assay and if the
difference between technical duplicates was <15%. Measurements that were not accepted were
repeated at most once more and subjected to the same QC criteria. All qPCR data assayed for

this study passed QC.

3.2.3 Statistical analyses

To evaluate the relationship between potential explanatory variables and our measures of
interest, namely LTL and mtDNA content and the change in these over time, possible
associations were first explored with univariate analyses using Pearson’s or Spearman’s
correlation, one-way analysis of variance (ANOVA), Kruskal-Wallis, Student’s t-, or Mann-
Whitney U tests. Variables that were important in univariate analysis (P<0.15) were candidates
for inclusion in multivariable models. The final models for each measure of interest included all
essential variables as described above and were constructed in a stepwise manner, by minimizing
the Akaike information criterion (AIC). While possible interactions were explored, none offered
substantial model improvement. Chi-Square contingency tables, Kruskal-Wallis tests, and
Spearman’s correlation were used to detect collinearity among variables, and variance inflation
factors (VIF) were calculated to characterize the influence of collinearity in the models. To

further test the robustness of final models, subgroup analyses (such as among a specific ethnicity
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or HIV group), and sensitivity analyses were done to investigate the effect of HIV clinical

variables and non-essential variables, but with reduced power.

In cross-sectional models involving all participants, potential explanatory variables first included
age, ethnicity, tobacco smoking, cannabis use, alcohol use, opioid use, HIV status, and HCV
infection history. In models restricted to WLWH only, the above variables were considered in
addition to CD4 count and detectable HIV pVL. LTL was also considered in all WB mtDNA
content models and vice versa. After the final model was developed, the following non-essential
variables were considered in sensitivity analyses with reduced power: household income, highest
education level completed, HCV detectable pVL, HIV peak pVL, CD4 nadir, ART-naive status,
and third drug in the cCART regimen. HBV infection history was considered only in HIV
subanalyses, as only 2 HIV-uninfected participants were ever infected with HBV. Longitudinal
models included LTL and WB mtDNA content at first visit as well as changes in HIV detectable
pVL and on/off ART as additional potential explanatory variables. The subgroup model of
ALTL/year among HIV-uninfected participants considered only continuous variables (age,

baseline LTL, and AWB mtDNA content/year) because of reduced sample size.

Statistical analyses were performed using XLSTAT version 2019.1.1.

3.3 Results
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3.3.1 Study sample

Characteristics of the study participants are shown in Table 3.2. Cross-sectional analyses
included 312 WLWH and 300 HIV-negative participants. WLWH were slightly younger, with a
median (range) age of 41 (14-69) vs. 44 (15-78) years (p=0.042). WLWH were also more likely
to be African/Caribbean/Black (ACB), current tobacco smokers, current prescribed opioid users,
have past or present HBV or HCV infections, and less likely to be White, Asian, current
drinkers, have a household income >15000 CAD/year, and have any college education compared
to HIV-negative controls. Body mass index and cannabis use did not differ between groups.
Among WLWH, 70% of participants had an undetectable HIV pVL (<50 HIV RNA copies/ml)

and 82% were on cART at visit.
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Table 3.2 Study sample characteristics

Cross-Sectional Sample Longitudinal Sample
(N=612) (N=296)
HIV+ HIV- Pvalue HIV+ HIV- P-value
(N=312) (N=300) (N=228) (N=68)
41 [31,50] 44 [31,55] 38 [29,46] 36 [27,48]
Age, years (14,69) (15,78) 0.042 (12,67) (12,73) 0.859
Time between visits, years 412,6](1,8) 31[2,5](1,7) <0.001
24.9[21.4,30.0] | 24.6[21.4,29.7] 24.0[21.3,28.8] | 23.5[20.5,28.7]
PAINIR

BMI, kg/m* (N=603) (15.0,48.6) (14.0,52.9) 0.608 (16.0,46.6) (15.3,42.3) 0.526
Ethnicity

White 131 (42) 153 (51) 94 (41) 37 (54)

African/Black/Caribbean 72 (23) 19 (6) 51 (22) 3(4)

Indigenous 78 (25) 79 (26) <0.001 58 (25) 16 (24) 0.003

Asian 8 (3) 28 (9) 8 (4) 7 (10)

Other? 23 (7) 21 (7) 17 (7) 5(7)
Household income
>$15000 CAD/year (N=553) 127 (48) 170 (59) 0.009 95 (48) 40 (67) 0.011
Highest level of education
(N=552)

Any College 114 (43) 200 (69) 93 (47) 44 (73)

High School Graduate 54 (21) 30 (10) <0.001 38 (19) 6 (10) 0.005

Some High School 80 (30) 53 (18) 56 (28) 9 (15)

Grade School 15 (6) 6 (2) 11 (6) 1(2)
Cigarette smoking®

Current 122 (39) 85 (28) 85 (37) 13 (19)

Past 69 (22) 67 (22) 0.010 54 (24) 12 (18) 0.002

Never 121 (39) 148 (49) 89 (39) 43 (63)
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Cross-Sectional Sample

Longitudinal Sample

(N=612) (N=296)

Cannabis®
Current 77 (25) 72 (24) 59 (26) 15 (22)
past 67 (21) 60 (20) 0.853 49 (21) 13 (19) 0.664
Never 168 (54) 168 (56) 120 (53) 40 (59)

Alcohol®
Current 150 (48) 199 (66) 113 (50) 44 (65)
past 87 (28) 61 (20) <0.001 63 (28) 17 (25) 0.039
Never 75 (24) 40 (13) 52 (23) 7 (10)

Current any opioid use® 69 (22) 32(11) <0.001 51(22) 3(4) <0.001
Prescribed opioid use 62 (20) 25 (8) <0.001 47 (21) 1(1) <0.001
Heroin use 17 (5) 13 (4) 0.523 15 (7) 0(0) 0.030

HIV Detectable pVL at visit,

>50 copies/mlb< 95 (30) 63 (28)

HIV.Peak pVL >100000 111 (45) 87 (48)

copies/ml (N=248)

. 540 [348,733] 500 [348,683]
b

CD4 count at visit, cells/pL (10,2380) (14,1370)

. B 221 [130,350] 216 [118,330]

CDA4 nadir, cells/pL (N=260) (1.1110) (1,900)

ART-naive (N=278) 10 (4) 11 (5)

On cART at visit® 255 (82) 195 (86)
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Cross-Sectional Sample Longitudinal Sample
(N=612) (N=296)

HBV ever infected (N=395) 29 (13) 2 (1) <0.001 9(26) 0 (0) 0.011
HCV ever infected 109 (35) 45 (15) <0.001 79 (35) 9 (13) < 0.001
Platelet Count, 10°/L 227 [178,274] 235[213,281] 0.005 233 [184,274] 272 [217,277] 0.240
(N=429) (40,663) (82,464) ) (45,489) (172,316) '

i 7.1[6.4,7.8] 7.4[6.7,8.1] 7.0[6.3,7.8] 7.5[6.9,8.4]
Relative LTL (4.8,11.5) (4.8,11.3) 0.004 (4.7,10.5) (5.1,10.5) <0.001

0.01[-0.10,0.11] | -0.05 [-0.26,0.09]
ALTL/year (-0.94,1.8) (-1.18,0.74) 0.020
101 [78,131] 112 [85,146] 143 [109,171] 129 [96,154]
WB mtDNA content (4,265) (4,379) 0.004 (4,277) (4,231) 0.025
-10 [-15,-1] -7 [-16,8]

WB AmtDNA content/year (-76,77) (:32,37) 0.013

Data are number (%) of individuals or median [interquartile range] (range). Number of participants with available data indicated beside variables with
incomplete data. P-values indicate Mann-Whitney U or Chi-Squared Tests depending on type of variable.
Abbreviations: ART, antiretroviral therapy; BMI, body mass index; cART, combination antiretroviral therapy; CAD, Canadian dollars; HBV, hepatitis B virus;

HCV, hepatitis C virus; LTL, leukocyte telomere length; mtDNA, mitochondrial DNA; pVL, plasma viral load; WB, whole blood.
& a combination of South Asian, Hispanic, or other

b at last visit for longitudinal sample
€22 lost HIV viral control and 41 participants gained HIV viral control between longitudinal visits
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3.3.2 Cross-sectional LTL and WB mtDNA content decline with age but are not inter-
related

WLWH had shorter LTL (median 7.1 vs.7.4) and lower WB mtDNA content (median 101 vs.
112) than HIV-negative controls before (Table 3.2, p<0.004) and after adjusting for age
(P<0.002). Among all participants, relative LTL declined with age (Figure 3.2A), with an
average loss of approximately 33 bp of telomeric DNA per year (R?=0.17, P<0.0001). LTL was
modulated by HIV status whereby the decline in LTL with age was faster among WLWH with
detectable pVL compared to HIV-negative controls. WB mtDNA also declined with age (Figure
3.2B), although with a weaker relationship (R?=0.03, P<0.001), that was not modulated by HIV.
Despite the fact that both markers declined with age, they were not associated with one another

(Figure 3.2C) (R?=0.004, P=0.14).
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Figure 3.2 Cross-sectional univariate associations between LTL, WB mtDNA content, and age.
Among 612 participants, (a) LTL declines with age (R>=0.17, Slope=-0.03, Pearson’s P<0.0001); as does (b) WB mtDNA content (R>=0.03, Slope=-0.57,
P<0.0001). Both measures also decline within each HIV sub-group (all p<0.01). Linear regressions of HIV-, HIV+ undetectable pVL, and HIV+ with detectable
pVL participants are shown in blue, orange, and magenta, respectively. Differences between slopes were tested and showed that (a) LTL declines faster among
HIV+ detectable pVL participants than in HIV- controls. (c) No detectable relationship exists between LTL and WB mtDNA content (P=0.138). The shaded

area indicates the 95% prediction interval. Coefficients of determination (R?) are shown.
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3.3.3 Cross-sectional predictors of LTL

Among all participants, the final multivariable model for LTL (N=612, R?>=0.28) indicated that
HIV infection (either with detectable or undetectable pVL), current tobacco smoking, and older
age were independently associated with shorter LTL. In contrast, alcohol use, and ACB or Asian
ethnicities were associated with longer LTL (Figure 3.3A). Cannabis use showed no effect on
LTL. In an HIV+ subgroup model (Figure 3.3B), in addition to the above factors, detectable
HIV pVL was also independently associated with shorter LTL compared to undetectable HIV
pVL, (N=312, R?=0.31). Among HIV-negative participants, current smoking remained
associated (N=300, R?>=0.28) with shorter LTL, but current alcohol did not (Figure 3.3C).
Models showing non-standardized effect sizes are shown in Figure 3.4. Although substance use
was considered when building our model, to ensure the validity of our findings in the general
population, we performed sub-group analyses among participants who never used tobacco,
cannabis, or opioids (Figure 3.5A-C). Similarly, informed by past studies that showed effects on
LTL by chronic co-infections “2, we analyzed participants with no history of either HCV or HBV
infection (Figure 3.5D). All models showed essentially the same effects as the main model
although in the smaller never smoker and never HBV/HCV-coinfected groups, the effect size of
undetectable HIV infection was similar but the confidence interval became broader and
significance was lost. The effect of detectable HIV infection remained in all sub-group models.
Taken together, these secondary models confirmed the robustness of the effects observed in our

main model.
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3.3.4 Cross-sectional predictors of WB mtDNA content

The final multivariable model for WB mtDNA content (N=612, R?=0.10) indicated that HIV
infection and older age were independently associated with decreased WB mtDNA content,
while ACB and Indigenous ethnicities, as well as current alcohol use showed an association with
increased WB mtDNA content (Figure 3.3D). Contrary to the LTL models, no difference was
detected between participants with detectable or undetectable HIV pVL (Figure 3.3E). Once
again, we carried out sub-group analyses as above and found that older age remained in all
models while the effect of HIV was detected sporadically, likely due to lower power and wider

confidence intervals (Figure 3.6).
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Figure 3.3 Multivariable modelling of cross-sectional LTL and WB mtDNA content.
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Final selected multivariable linear regression models of cross-sectional LTL (VIF<2.1) in (a) all, (b) HIV+, and (c)
HIV- participants, and WB mtDNA content (VIF<1.3) in (d) all, (e) HIV+, and (f) HIV- participants. Final models
among all participants were selected automatically by minimizing AIC. Statistical significance depicted by red
confidence intervals; negative standardized P values indicate associations with either shorter LTL or lower WB
mtDNA content and vice versa. Coefficients of determination (R?) are shown for each model. The models show that
after adjusting for age, ethnicity and substance use, HIV infection is independently associated with shorter LTL and
lower WB mtDNA content. Detectable HIV viremia was associated with shorter LTL but not WB mtDNA content.
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Figure 3.4 Multivariable modelling of cross-sectional LTL and WB mtDNA content with unstandardized
effect sizes (f).

Final selected multivariable linear regression models of cross-sectional LTL (VIF<2.1) in (a) all, (b) HIV+, and (c)
HIV- participants, and WB mtDNA content (VIF<1.3) in (d) all, (e) HIV+, and (f) HIV- participants. Final models
among all participants were selected automatically by minimizing Akaike’s Information Criterion. Statistical
significance depicted by red confidence intervals; negative unstandardized B values indicate associations with either
shorter LTL or lower WB mtDNA content and vice versa. Coefficients of determination (R?) are shown for each
model.
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Figure 3.5 Subgroup analyses of cross-sectional LTL.

Multivariable subgroup analyses of LTL (VIF<1.7) among (a) never smokers, (b) never cannabis users, (c) non-
opioid users, and (d) participants with no history of HBV or HCV coinfection. Statistical significance depicted by
red confidence intervals; negative standardized B values indicate associations with shorter LTL and vice versa.
Coefficients of determination (R?) are shown for each model.
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Figure 3.6 Subgroup analyses of cross-sectional WB mtDNA content.

Multivariable subgroup analyses of WB mtDNA content (VIF<1.4) among (a) never smokers, (b) never cannabis
users, (c) non-opioid users, and (d) participants with no history of HBV or HCV coinfection. Statistical significance
depicted by red confidence intervals; negative standardized f values indicate associations with lower WB mtDNA
content and vice versa. Coefficients of determination (R?) are shown for each model.
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Sensitivity models were constructed including platelet count data that were available for a subset
of study participants. Here, higher platelet count showed an association with higher WB mtDNA
content (Figure 3.7A-C) and the relationship between older age and decreased WB mtDNA
content remained, but the effect of HIV was lost. However, in these models the sample size of

the HIV- group was considerably reduced (N=121 vs. N=300).
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Figure 3.7 Sensitivity analyses of cross-sectional WB mtDNA content with platelet count.

Multivariable sensitivity analyses of WB mtDNA content with platelet count (VIF<1.3) among in (a) all (P<0.0001), (b) HIV+ (P<0.0001), and (c) HIV-
(P<0.11) participants. Statistical significance depicted by red confidence intervals; negative standardized B values indicate associations with lower WB mtDNA
content and vice versa. Coefficients of determination (R?) are shown for each model.
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3.3.5 Longitudinal changes in LTL and mtDNA are inversely related

Having determined that both age and HIV affect our two markers cross-sectionally, we then
examined the dynamics of the two markers over time, as well as their longitudinal relationship.
Of the 612 participants studied cross-sectionally, 228 WLWH and 68 HIV-negative participants
had at least one visit >1 year earlier, and were included in the longitudinal analyses.
Characteristics of the longitudinal subset were similar to whole group (Table 3.2) with the
exception that age was similar between groups, and baseline mtDNA content was higher in
WLWH than HIV-negative controls. A median [IQR] of 4 [2,6], and 3 [2,5] years elapsed

between longitudinal visits in WLWH and HIV-negative controls, respectively.

A significant negative relationship was observed between ALTL/year and WB AmMtDNA
content/year (R?=0.13, P<0.001) (Figure 3.8A). Overall, participants who lost LTL the fastest
were also most likely to have gained mtDNA over the same period (Figure 3.8B) and vice-versa

whereby those who lost mtDNA the fastest were more likely to have gained LTL (Figure 3.8C).
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Figure 3.8 Univariate associations between longitudinal rates of change in LTL and WB mtDNA content.

(a) Data show an inverse relationship between ALTL/year and WB AmtDNA content/year. Shaded area represents
the 95% prediction interval. Coefficient of determination (R?) and Pearson's P-value shown. (b) Participants were
categorized based on a small (<0.1) or large (>0.1) loss or gain of ALTL/year and further stratified according to a
small (<10) or large (>10) loss or gain of WB AmtDNA content/year. These data show that participants who lost
LTL fastest were more likely to preserve or gain WB mtDNA content. (c) Similarly, participants were categorized
based on WB AmtDNA content/year and stratified according to ALTL/year. The data show that participants who
lost WB mtDNA fastest were more likely to preserve LTL and vice versa.
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3.3.6  Predictors of longitudinal change in LTL

In the univariate analysis, overall relative LTL shortened by 0.036 units per year among all
participants. This represents a loss of approximately 36 bp per year, in close agreement with the
population attrition rate estimate (33 bp per year) seen in the cross-sectional analysis (Figure
3.2A). These univariate investigations were validated by multivariable modelling (N=296,
R?=0.33), where we observed that a slower decrease in WB mtDNA content/year was a strong
predictor of faster LTL loss (Figure 3.9A), as was having longer LTL at baseline. Older age at
baseline was also associated with faster LTL loss while past alcohol use, current opioid use, as
well as ACB and Asian ethnicities were associated with slower loss of LTL (Figure 3.9A),
reminiscent of the cross-sectional analysis. In contrast to the cross-sectional finding, tobacco
smoking and undetectable HIV did not show an effect on LTL attrition rate. However, among
WLWH, LTL was lost faster in those with a detectable HIV pVL at last visit (Figure 3.9B).
Among HIV-negative participants (Figure 3.9C) only age, baseline LTL and WB AmtDNA
content were included due to the reduced sample, and they all showed similar effects as those
seen in the all participants model. Models showing non-standardized effect sizes are shown in
Figure 3.10. In all subgroup analyses that excluded substance users or co-infections (Figure
3.11), slower loss of WB mtDNA content/year and longer baseline LTL remained independently
associated with faster LTL attrition. Similar to the cross-sectional sub-group models, the effect

of HIV lost significance in some models, likely due to reduced power.
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Figure 3.9 Multivariable modelling of longitudinal rates of change in LTL and WB mtDNA content.
Final selected multivariable linear regression models of longitudinal ALTL/year (VIF<1.5) in (a) all, (b) HIV+, and
(c) HIV- participants, and WB AmtDNA content/year (VIF<1.2) in (d) all, (e) HIV+, and (f) HIV- participants. Final
models among all participants were selected automatically by minimizing AIC. Statistical significance depicted by

red confidence intervals; negative standardized B values indicate associations with either faster LTL loss or faster

Slower
mtDNA content loss

WB mtDNA content loss and vice versa. Coefficients of determination (R?) are shown for each model. The
ALTL/year models show that after adjusting for age and LTL at baseline, ethnicity, and substance use, a slower loss

of WB mtDNA/year is significantly independently associated with faster LTL attrition. Similarly, the models for

WB AmtDNA content/year show that after adjusting for LTL and WB mtDNA at baseline, a slower rate of LTL
attrition is independently associated with faster loss of WB mtDNA content. Detectable HIV viremia was associated
with faster decline in both markers.
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Figure 3.10 Multivariable modelling of longitudinal change in LTL and WB mtDNA content with
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Figure 3.11 Subgroup analyses of longitudinal change in LTL.
Multivariable subgroup analyses of longitudinal ALTL/year (VIF<1.7) among (a) never smokers, (b) never cannabis
users, (c) non-opioid users, and (d) participants with no history of HBV or HCV coinfection. Statistical significance
depicted by red confidence intervals; negative standardized B values indicate associations with faster LTL loss and

vice versa. Coefficients of determination (R?) are shown for each model.
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Taken together, our data show that the main predictors of faster LTL attrition were having longer
LTL at baseline and a slower WB mtDNA content decline over time. Our data also point toward
faster LTL attrition among those who have a detectable HIV pVL while those who maintain viral

control showed rates of LTL loss essentially identical to HIVV-negative individuals.

3.3.7 Predictors of longitudinal change in WB mtDNA content

In WLWH and controls, WB mtDNA content decreased by a median of 10 and 7 copies of
mtDNA per copy of nDNA per year, respectively (Table 3.2). Similar to what was observed for
ALTL, in the final model of WB AmtDNA content (N=296, R?=0.39), detectable HIV infection,
higher WB mtDNA content at baseline, and slower LTL attrition rate were each independently
associated with a faster decline in WB mtDNA content (Figure 3.9D). Among WLWH (Figure
3.9E) and HIV-negative controls (Figure 3.9F), the same associations were seen. Furthermore,
compared to WLWH with undetectable HIV pVL, having a detectable HIV pVL at last visit was
associated with faster WB mtDNA content decline (Figure 3.9E). Sub-group analyses were
highly similar to the all-participant model (Figure 3.12) and the effect of viremia persisted in all
models. Adding platelet counts to the WB AmtDNA content models had no effect, and platelet

count itself showed no association with WB AmtDNA content (Figure 3.13).
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Figure 3.12 Subgroup analyses of longitudinal change in WB mtDNA content.

Multivariable subgroup analyses of longitudinal WB AmtDNA content/year (VIF<1.3) among (a) never smokers,
(b) never cannabis users, (c) non-opioid users, and (d) participants with no history of HBV or HCV coinfection.
Statistical significance depicted by red confidence intervals; negative standardized B values indicate associations
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with faster WB mtDNA content loss and vice versa. Coefficients of determination (R?) are shown for each model.
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Figure 3.13 Sensitivity analyses of change in longitudinal WB mtDNA content with platelet count.
Multivariable sensitivity analyses of WB AmtDNA content/year with platelet count (VIF<1.2) among in (a) all and
(b) HIV+ participants. Statistical significance depicted by red confidence intervals; negative standardized f values
indicate associations with faster WB mtDNA content loss and vice versa. Coefficients of determination (R?) are
shown for each model.
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Overall, as seen for the change in LTL, the strongest predictors of faster decrease in WB mtDNA
content were higher WB mtDNA content at baseline and slower LTL loss. In addition, having a

detectable HIV pVL accelerated mtDNA loss.

3.4 Discussion

This is the first human cohort study to incorporate both LTL and WB mtDNA content measures
and their rates of change over time, adjusting for relevant covariates. Our primary finding is
that the rates of change in the two measures are inversely associated, meaning that while both
decline with age, a faster decline in one marker is observed if the decline in the other is slower,
and vice-versa. We further show the negative impact of uncontrolled HIV viremia on both LTL
and WB mtDNA content loss longitudinally. Given that both markers were measured using the
same technique (MMgPCR) on the same cohort specimens, this study was uniquely suited to
characterize the relative effect of predictors, as well as the influence of one marker on the other.
These data highlight the importance of investigating both LTL and WB mtDNA content as

complementary and non-independent markers of aging.

The inverse relationship between LTL and mtDNA content attrition rates, seen in both the
ALTL/year and the AMtDNA content/year models, is a novel finding and sheds light on
previously proposed mechanisms that implicate a relationship between telomere and
mitochondrial biology. This effect is consistent with the dual functions of telomerase. While the
classical function of telomerase is to maintain telomeres, in vitro research has demonstrated that
under oxidative stress conditions, the enzymatic subunit of telomerase translocates to the

mitochondria where it exerts a protective function against oxidative damage but appears to
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neglect telomere maintenance 8%, A similar phenomenon may be occurring in vivo when
mitochondria require protection, potentially resulting in mitigated mtDNA loss at the cost of
higher LTL attrition rate, as seen here. If so, this would suggest that upon oxidative stress
challenge, telomerase confers a necessary and immediate protection to the mitochondria at the
expense of the long-term benefit of telomere maintenance. Future longitudinal studies with a
longer interval between measures are needed to determine if this apparent “yin and yang” effect

persists over longer periods of time. It should also be confirmed in an independent cohort.

The rate of LTL attrition observed agrees with previous research 2* and is consistent between our
cross-sectional and longitudinal data. Although WB mtDNA content also declined with age,
both univariable and multivariable analyses explained a smaller percentage of the total variance
compared to that of LTL models. Given that the variability of the two assays is comparable
101,102 this suggests that either WB mtDNA content is intrinsically more stochastic, or that the
mtDNA analyses presented here missed key explanatory variables. Such yet unidentified
variables may partially explain the inconsistency in previous attempts by researchers to establish
WB mtDNA content as a robust marker of aging. A potential confounder that we addressed in
WB mtDNA content models was platelets, which may lead to overestimation of WB mtDNA
content. Two studies have shown that a very large increase in platelet mtDNA contribution
would be necessary to meaningfully affect WB mtDNA content measurement 3333 and others
found no relationship between platelet count and WB mtDNA content 73337, Based on this and
our own unpublished data in a non-HIV sample, we did not initially intend to include platelet
count in our analyses. However, a recent study highlighted the importance of platelet count in

studies investigating the effect of HIV on WB mtDNA content "4, Therefore, to increase the
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rigor of our analysis, we analyzed a subset of our participants for whom platelet count data were
available to investigate the role of platelets in WB mtDNA content and its change over time. We
found that platelet count had no effect on our longitudinal models. Despite a modest reduction in
power, the effects of HIV on faster WB mtDNA attrition as well as the inverse relationship
between the rates of change in LTL and WB mtDNA content over time persisted. However,
while platelet count affected WB mtDNA content cross-sectionally, its inclusion resulted in a
substantial reduction in sample size and the effect of HIV lost statistical significance. It remains
unclear whether the well-established relationship between HIV and decreased WB mtDNA

content is partially driven by thrombocytopenia in people living with HIV.

We could not detect any significant cross-sectional relationship between LTL and WB mtDNA
content, whether univariately or multivariately, in contrast to some studies in healthy adults that
reported a modest correlations (R?=0.15, and R?=0.03) °%. The reason for this is unclear and
may be related to differences in the assays used and the range they yield. There could also be a
bias toward not reporting negative findings (i.e. no correlation) by other studies. Furthermore,

past studies did not examine this relationship while adjusting for covariates and confounders.

HIV infection and uncontrolled viremia have been previously associated with both shorter LTL
42 and lower mtDNA content ">, Based on non-standardized effect sizes, our study
demonstrates that the independent effects on LTL by HIV infection, uncontrolled HIV viremia,
and current tobacco smoking are each similar to approximately one decade of chronological
aging. Furthermore, we show that the decline of both LTL and mtDNA content with age is

accelerated in participants with uncontrolled HIV viremia, emphasizing the importance of
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maintaining HIV viral control. This is supported by model estimates showing that having
uncontrolled viremia increases the LTL loss per year of aging from approximately 30 bp to more

than 100 bp.

Previous research has shown early and rapid LTL decline following HIV acquisition 333, which
may result from an initial HIV-induced immune activation leading to rearrangement of leukocyte
subsets. It is possible that a similar phenomenon is occurring here, where immune cell
proliferation triggered by actively replicating HIV results in faster apparent attrition of both LTL
and WB mtDNA content. A recent study demonstrated faster mtDNA content attrition among
WLWH who were approximately 50 years old compared to controls "4. However, more research
with longitudinal samples spanning longer periods of time is necessary to determine whether this
effect is transient or carries long-term consequences. Indeed, these findings are in keeping with
the model of HIV-mediated accelerated aging and may explain the link between HIV and aging
comorbidities. While HIV represents a valuable model of accelerated human aging, other
chronic and proinflammatory diseases such as diabetes, rheumatoid arthritis, and other
chronic/latent viral infections associated with aging comorbidities may similarly modulate LTL

and mtDNA content.

In support of previous research, we show that tobacco smoking is robustly independently
associated with shorter LTL. In most subgroup analyses, this effect exists only among current
smokers, suggesting that smoking cessation confers a LTL benefit, as reported by others *.
However, it is unclear why the benefit of smoking cessation was not detected among WLWH. It

is possible that time since smoking cessation differed between groups. Alternatively, the
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mechanism by which LTL recovers after smoking cessation may be adversely affected by the
presence of HIV. Smoking was also not associated with LTL attrition rate, likely because the
time elapsed between longitudinal visits was insufficient for the effect of smoking to reach a

detectable size.

In contrast, alcohol use was associated with longer LTL, slower LTL attrition, and increased WB
mtDNA content. While this may seem to contradict some research reporting shorter LTL in
people who abuse alcohol 33, other studies are less clear as to the relationship between LTL and
moderate alcohol consumption %74, Our definition for this variable was any alcohol use
regardless of quantity, which does not imply abuse and would also include low to moderate
users. Moreover, unlike tobacco smoking or opioid use, alcohol use is lower among our
WLWH. The apparent association between alcohol use and both longer LTL and increased WB
mtDNA content may therefore be the result of nested effects with unknown factors more
prevalent among the HIV-negative group, and not fully addressed by the covariates considered
herein. It is also possible that we detected a spurious finding, as the association with alcohol
disappeared in some subgroup analyses. Nevertheless, the associations between alcohol and the
markers studied here is of interest and should be reproduced in an independent cohort, along with

a more granular analysis of alcohol consumption, with respect to frequency and quantity.

While differences in LTL dynamics between men and women exist, this study includes only
female participants. As such, we are not able to comment on whether the same predictors of

LTL and WB mtDNA content would be seen in men. Furthermore, this analysis also does not
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consider the intensity and frequency of substance use. The role of sex and substance use should

therefore be further examined.

In summary, we describe a novel relationship between longitudinal LTL and WB mtDNA
dynamics, whereby better preservation of LTL appears to occur at the cost of mtDNA loss and
vice versa. We also validate the cross-sectional predictors of LTL and WB mtDNA content that
have been previously shown. In addition, we demonstrate that for women living with HIV, loss
of viral control exacerbates both LTL and WB mtDNA content attrition and may contribute to
biological aging. Taken together, our findings provide further evidence supporting the
importance of consistently maintaining HIV viral control. Given that the effects of HIV viremia
are believed to be largely related to chronic inflammation, it is possible that other
proinflammatory conditions would similarly exacerbate cellular aging through related
mechanisms. Our findings further imply that future longitudinal studies of either LTL or WB

mtDNA content as a biomarker should also consider the other given their strong relationship.
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Chapter 4: HIV slow progressors experience accelerated aging compared to

HIV non-slow progressors

4.1 Abbreviated introduction to chapter

Despite the growing body of literature supporting HIVV-mediated accelerated immune aging in
the HIV population, even among people successfully treated with CART, several key questions
remain. It is unknown to what extent T cell subset TL is affected by cART-controlled HIV
infection. In addition, it remains unknown to what extent HIV slow progressors (SPs) are
protected against HIVV-mediated immune aging. To date, no sufficiently powered study has
compared immune aging in SPs to non-slow progressors (NSPs). A primary goal of this study
was to investigate markers of immune aging in HIV with more granularity, such as TL within
relevant immune cell subsets, and investigate any differences in SPs. We hypothesized that HIV
infection would be associated with shorter TL in senescent CD8 T cells, decreased mtDNA
content in senescent CD8 T cells, increased senescent:proliferative CD8 T cell ratio, larger
populations of differentiated CD8 T cells, and/or smaller populations of naive CD8 T cells. We
further hypothesized that SP status would confer protection against aging in one or more of the

markers described above.

4.2 Materials and methods
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4.2.1 Study sample

Study participants were PLWH and HIV-negative controls enrolled in the CARMA cohort #? and
the Canadian Cohort of HIV+ Slow Progressors 34! between November 2006 and May 2017.
HIV study groups were defined as in Table 4.1, with SP subgroups as previously described **.
Briefly, participants were considered SPs if they could be classified into the following groups at
study entry: elite controllers with undetectable (<50 HIV-RNA copies/ml) pVL, virologic
controllers with 50-3000 HIV-RNA copies/ml, or non-virologic controllers with >3000 HIV-
RNA copies/ml who had been living with HIV for >7 years without CART. All SPs were cCART-
naive and had a CD4 count >500/mm? at study entry. Although sustaining viral control or
remaining CART-naive at visit was not a requirement among SP groups, both were fairly well
maintained. At visit, all elite controllers were CART-naive and 7 of 28 had detectable pVL. Of
these, 4 elite controllers had 50 or 51 HIV-RNA copies/ml and the remaining 3 had <500 HIV-
RNA copies/ml. Among the remaining 29 SPs, 2 were on CART at visit with undetectable pVL.
One virologic controller had 3648 HIV-RNA copies/ml at visit, while the remaining virologic
controllers maintained <3000 HIV-RNA copies/ml at visit. Participants were categorized as
NSPs if they were not cART-naive at baseline and had undetectable pVL at visit. Among
participants with detectable pVL at visit, those who were not SPs were categorized as

uncontrolled progressors (UPs). All participants provided written informed consent.
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Table 4.1 Description of HIV study groups

CD4 Tcell | Viral load Time ART Viral load
Study Group count' at | at baseline Si.nce HIY Naive at at visit
baseline (HIV-RNA | Diagnosis baseline (HIV-RNA
(cells/ul) | copies/ml) (years) copies/ml)
Slow progressor (SP)
Elite controller >500 <50 - Yes -
Virologic controller >500 50-3000 - Yes -
Non-virologic controller >500 >3000 >7 Yes -
Non-slow progressor (NSP) - - - No <50
Uncontrolled progressor (UP)* - - - - >50

*Only participants who were not categorized as SPs were considered for inclusion as UPs
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Sample selection is described in Figure 4.1. SPs were age- and sex-matched 1:1:1:1 to NSPs,
UPs, and HIV-negative controls. SPs and UPs were participants enrolled in either the Canadian
Cohort of HIV+ Slow Progressors or CARMA, whereas NSPs and HIV-negative controls were
all participants enrolled in CARMA. CARMA participants were predominantly women, so only
a random subset of men from the Canadian Cohort of HIVV+ Slow Progressors with available
biospecimens were considered for sample selection in order to balance sex between cohorts.
Matching was done systematically by applying an algorithm that matched SPs with NSPs, UPs,
and HIV-negative individuals of the same sex by minimizing age difference. For rare situations
in which two SPs were matched to the same individual, a substitute was matched to one of the
SPs such that the average absolute age difference across all matches was minimized. If one of the
specimens was rejected for failing QC at the cell sorting stage, it was replaced by the next
available unique specimen closest in age. Lastly, although there were enough UP participants to
match to each SP, comparing SPs to UPs was not a focus in this study, and as such, only 14

participants from each cohort were randomly selected for matching to SPs.
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Figure 4.1 Schematic of the study sample selection.
In summary, 57 SP participants were age- and sex-matched with 57 NSP participants (57:57). Of these, 55 were matched to HIV-negative controls (55:55:55)
and 28 were matched to UP participants (28:28:28:28). All SP women and a subset of randomly selected SP men were initially included from all Canadian

Cohort of HIV+ Slow Progressors (CCHSP) participants with available biospecimens.

95 participants with no PBMC
specimens excluded

59 CARMA HIV+ NSPs
13 CARMA HIV- controls
23 CARMA HIV+ UPs
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4.2.2 Demographic and clinical data collection

Age, sex, ethnicity, date of HIV diagnosis, peak HIV pVL, and CD4 nadir were collected at
study entry. Tobacco smoking status, BMI, CD4 count, and HIV viral load were collected at
each study visit. Complete cART history was documented, from which cART status at visit was
derived. During data collection, ethnicity was categorized as African/Caribbean/Black,
Asian/South Asian, Hispanic, Indigenous, White, or other. However, there were few
Asian/South Asian and Hispanic participants, and as such, they were grouped together with the
“other” category for statistical analyses. Smoking status was trichotomized into current, past, or
never smoker. History of HBV and HCV was collected by self-report, and CMV status was

determined by serology at visit.

4.2.3 Blood collection and processing

WB was collected at study entry and each study visit. For CARMA participants, PBMCs were
isolated within 48 h of blood collection using Ficoll-Paque™ Plus (Cat# 17-1440-02, Sigma-
Aldrich, St. Louis, MO, US) density gradient centrifugation according to manufacturer’s
recommendations. PBMCs were frozen at -80°C in Chinese hamster ovary (CHO) media (Cat#
10743-011, Thermo Fisher Scientific, Waltham, MA, US) with 10% dimethyl sulfoxide (DMSO,
Cat# D2650-100ML, Sigma-Aldrich) for 24 h and then stored in liquid nitrogen until needed.
PBMCs were available for all participants, but WB was available for CARMA participants only.
PBMCs from the Canadian Cohort of HIVV+ Slow Progressors were provided to us from their

specimen bank committee.
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4.2.4  Fluorescence-activated cell sorting (FACS)

Immunophenotyping and live cell sorting of four lymphocyte subsets (B cells, CD4+ T cells,
proliferative CD8+CD28+ T cells, and senescent CD8+CD28- T cells) were done simultaneously
using an 11-colour flow cytometry panel. Cryopreserved PBMCs initially prepared from 1.5-6.0
ml of whole blood were rapidly thawed in 10 ml pre-warmed RPMI-1640 (Cat# A10491-01,
Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS, Cat# 12483-020,
Thermo Fisher Scientific), then washed twice in Dulbecco’s phosphate buffered saline (dPBS,
pH 7.0-7.3, Cat# 14190-136, Thermo Fisher Scientific) with 2% FBS. Cells were stained in 100
ul for viability using Fixable Viability Stain 700 (FVS700) and surface markers using the
following fluorescently-conjugated monoclonal antibodies that were individually titrated: CD45-
BV510, CD3-PerCP-Cys.5, CD4-BV786, CD8-PE-Cy7, CD28-BV421, CD27-APC, CD45RA-
PE, CD25-BB515, CD127-PE-CF594, and CD19-APC-eFluor780. Cells were washed again in
dPBS+2% FBS, filtered through a 40 um cell strainer (Cat# 10199-654, VWR International,
Radnor, PA, US) and immediately sorted on a Moflo Astrios EQ cell sorter (Beckman Coulter,
Indianapolis, IN, USA). Gating strategy, reagent list, and instrument emission filters are shown
in Figure 4.2 and Table 4.2. Briefly, lymphocytes were gated on morphology using light scatter
and live leukocytes as CD45*FVS7009™ cells. Within live lymphocytes, CD3"CD19" cells were
sorted as B cells, CD3*CD19°CD4"CD8" cells as CD4+ T cells, CD3*CD19°CD4 CD8*CD28*
cells as proliferative CD8+ T cells, and CD3"CD19°CD4 CD8"CD28" cells as senescent CD8+ T
cells. Lysis buffer (200 pl, buffer AL, Qiagen) was added to the sorted cell pellets before they
were stored at -80°C until DNA extraction. For quantification of CD4+ and CD8+ T cell
subsets, naive (Tn), central memory (Tcwm), effector memory (Tem), and terminally-differentiated

effector memory (Temra) cells were defined using CD45RA*CD27", CD45RACD27",
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CD45RACD27-, and CD45RACD27-, respectively. Tregs were defined as CD127°-CD25" cells
within the CD4+ T cell population. For two populations that showed lower resolution (B cells
and Treg), fluorescence minus one (FMO) controls were used to define gates. In this study, cell
subset population sizes are expressed as the proportion of cells relative to the larger cell
compartment, such as %Tregs Within the CD4 compartment, rather than an absolute cell count per

volume of blood.
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Table 4.2 Antibodies used for cell sorting

Antibody/Stain | Clone Fluorochrome | Vendor ﬁ?;tr.nber :'::f)r Line fi?:;issi?:m)
t.ﬂuorﬁiiﬁr;;s CD28.2 E\[; g‘;ﬂzonm Ei[:) cciences | 362613 | 405 448/59
M Anti- BD Horizon™ BD

Huor::i Crl])zll5 HI30 BVSI(EJrlzon Biosciences >63204 1 405 513/26
ﬂuor::mpc‘rl;[jl- SK3 257:%ri20nm Ezsciences >63877 | 405 795/70
ﬂuor:ZiAcr;;-S M-A251 Eg5qc5’riZ°"TM 2:1 cciences | 565096 | 488 510/20
ﬂuor:ZiACrI;[;- UCHTL | PerCP-Cy™s.5 Ezsciences 060835 | 488 710/45
I-I\I/Iuor:z(i\p(\:rlljtlll_SRA HI100 PE E:?)sciences >61883 >61 579/16
I-I\I/Iuor:z(;p(\:rg;27 E/:;_lm_ EE_E';;';:” E:?)sciences 562397 >61 664/22
Fhfluor::ipérl;[;_ RPATS | PE-Cy™7 Ezsciences >60917 1 56l 795/70
ﬂuor:ZiACr;; M-T271 | APC Ezsciences o61786 1 640 671/30
;);?:Ie Viability E\I?S:SSZOHTM E:zsciences 564997 | 640 722/44

Scientific
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The cryopreserved PBMCs used in this study were collected by two cohort studies over a period
spanning ten years and in multiple centres across Canada. All specimens were thawed and
stained by the same individual a few hours prior to cell sorting, which was done by a single
experienced technician in 25 experiments over 13 months. All fluorescence-activated cell
sorting (FACS) experiments were done using the same compensation matrix on the same
instrument, which underwent daily QC. PBMC specimens that showed <25% viable cells during
flow cytometry or had <5000 viable leukocytes (CD45+) in total were excluded. In total, 5
PBMC specimens (3%) were rejected and replaced with specimens that then passed QC. Figure
4.3 describes a sensitivity analysis that was done among all specimens (N=32) with 25-75%
viable cells, which showed a high concordance (R?=0.97, p.=0.98) between subset frequencies
measured in viable cells compared to all cells. Lin’s pc is primarily used to quantify the
agreement between two measures of the same variable and is used here to demonstrate the

measurements using viable cells are representative of measurements of all cells.

Antibodies were titrated using a specimen with high cell density to ensure that study specimens

were stained at a saturating concentration. Centralized manual gating for all specimens was done

by a single individual with FlowJo (Version 10.4.2, FlowJo, Ashland, OR, US).
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Figure 4.3 Concordance between live and all or dead cells in flow cytometry.

Concordance of subset frequencies between live and all cells among the 15 counted (A) and 4 sorted (B) subsets,
and concordance of subset frequencies between live and dead cells among the 15 counted (C) and 4 sorted (D)
subsets. Data shown from all 32 participants with leukocyte viability between 25-75%. Number of data points and
Pearson’s R? and Lin's pc are shown.
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A FACS IC was included in every cell sorting experiment to determine the inter-experiment
variability present during immunophenotyping and cell sorting. The IC was cryopreserved
aliquots from a large quantity of PBMCs pooled from four healthy donors that were isolated and
frozen at the same time. Measurements of immune cell distributions and ratios showed a median
CV of 9.0% (Table 4.3) across 25 experiments. Average variability (14% CV) was heavily
influenced by very small subsets such as CD4+ Temra (57% CV), which constituted <2% of all
CD4+ T cells. The relationship between subset sizes and variability is demonstrated by Figure
4.4. The average inter-experiment CV of subset TL and mtDNA content were 14 and 40%,

respectively. Sort purity was ~98%, randomly checked three times during data collection.
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Table 4.3 Inter-experiment variability

Measured variables across 25

Mean Subset

experiments Size (%) v (%)
Lymphocytes 74 9
Live Leukocytes 93 9
B cells 6 15
T cells 71 5
CDA T cells 58 4
CDA4 Ty cells 48 7
CD4 Tcm cells 39 5
CD4 Tem cells 11 28
CD4 Temra cells 2 57
CDA4 Ty cells 5 30
CD8 T cells 34 6
CD8 Ty cells 47 10
CD8 Tcm cells 17 13
CD8 Tem cells 12 23
CD8 Temra cells 24 12
Proliferative CD8 T cells 61 5
Senescent CD8 T cells 39 8
Average T cell
Ratio

CD4/CDS8 T cell Ratio 1.70 9
Proliferative/Senescent CD8 T cell Ratio 1.57 13

Average Subset

TL

CD4 Tecell TL 8.14 10
Proliferative CD8 T cell TL 9.80 15
Senescent CD8 T cell TL 7.29 15
Bcell TL 12.37 16

Average Subset

mtDNA content
CDA T cell mtDNA content 113 25
Proliferative CD8 T cell mtDNA content 142 38
Senescent CD8 T cell mtDNA content 79 51
B cell mtDNA content 180 47
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Figure 4.4 Relationship between mean cell subset size and inter-experiment CV.
Inter-experiment variability is affected by cell subset size. Cell subsets with a CVV>20% all had mean cell subset

sizes <12%. B cell subset size had uncharacteristically low variability relative to subset size, with 15% CV and a
mean subset size of 6%.
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4.25 DNA extraction and gPCR

Sorted cells and WB specimens were extracted using the QlAcube and QlAamp DNA Mini Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s blood and body fluid protocol as
previously described 32°. Extracted DNA samples were stored in buffer AE (Qiagen) at -80°C
until gPCR was performed. MtDNA content and relative TL either within sorted cell subsets or
in whole blood were assayed using monochrome multiplex qPCR as previously described 101192,
MtDNA content was an absolute measure of the ratio between mitochondrial genome copies and
single-copy nuclear gene copies. Here, fragments of the mitochondrial D-loop and ALB were
used as mtDNA and nuclear DNA sequences, respectively %2, TL was a relative measure
defined as the ratio between relative quantities of telomeric DNA and ALB, expressed as a T/S

(telomere/single-copy gene) ratio 0%,

Quality control for both qPCR assays were applied as previously described %4192, Briefly, gPCR
runs were accepted or rejected based on two gPCR ICs, a negative control, the amplification
efficiency of the standard curve, and the average variability between technical duplicates.
Individual measurements were accepted if the quantity of DNA fell within the linear range of the
assay and the difference between technical duplicates was <20%. Most of the specimens
excluded from analysis for not passing gPCR QC were the consequence of insufficient cell
numbers within the sorted populations, resulting in DNA copy numbers below the linear range of
the assay. Therefore, while immunophenotypic data exists for all participants, some analyses

involving gPCR data exclude a portion of the participants.
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4.2.6 Statistical analysis

To accommodate the large amount of data and number of variables of interest in this study,
statistical analysis was organized into four stages. First, we investigated the intrinsic
relationships of the cellular markers between blood cell fractions, irrespective of HIV status. We
compared TL and mtDNA content levels between lymphocyte subsets and examined correlations
between subsets. Paired Wilcoxon signed rank tests and Spearman’s correlations were used
because some subsets had non-parametric distributions. Here, our goal was to characterize
differences and relationships between lymphocyte subsets, and a Bonferroni correction was

applied to mitigate type | errors. The adjusted significance value was 0.00125.

Second, to determine which of the variables of interest should be further investigated through
multivariable linear modelling, we carried out univariable comparisons using Mann-Whitney U
tests between the 4 matched groups defined in Figure 4.1 and chose those showing a statistically
significant difference (p<0.05). For these analyses, if a data point from one participant was
rejected due to qPCR QC, data from the three matched participants were also excluded.
Univariable comparisons of LTL and WB mtDNA content between HIV groups included only
HIV-negative and HIVV NSP participants because WB was not available for HIV SP and UP
participants from the Canadian Cohort of HIV+ Slow Progressors. Cell subset TL and mtDNA
content were compared between all four HIV groups. First, pairwise comparisons between the
larger SP, NSP, and HIV-negative groups were done, followed by pairwise comparisons between
the smaller UP group and the other 3 groups separately. By doing so, all univariable
comparisons could be made between matched participants without the smaller UP group (N=28)

restricting the power of comparisons between the other 3 groups (N=55-57). The same approach
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was used to compare CD4:CD8 T cell and proliferative:senescent CD8 T cell ratios, as well as B
cell, T cell, CD4 Treg, Tn, Tcm, Tem, and Temra compartment sizes. As our goal here was not to
infer differences between groups, but rather to visualize the raw data and inform downstream

analyses, corrections for multiple comparisons were not applied.

Third, multivariable linear regressions were used to model markers of aging among the matched
study groups that were deemed important based on the above univariable analyses. Here,
missing data for any given participant did not preclude inclusion of data from the matched
participants since the models were adjusted for age and sex. Potential predictors and
confounders were selected a priori based on prior literature and included age, sex, ethnicity,
BMI, smoking status, and previous history of HCV and CMV infection. Model refinement was
done by minimizing AIC which evaluates goodness of fit relative to model simplicity. In models
restricted to PLWH, additional potential explanatory variables included HIV peak pVL and CD4
count at visit, except for the model describing CD4:CD8 ratio, in which CD4 count was excluded
a priori. For all multivariable linear regressions, data were tested for non-normality using the

Shapiro-Wilk test and transformed when necessary as indicated in the figure legends.

Lastly, two dimensionality reduction techniques were used to holistically visualize the
differences between the matched study groups in relation to the immune aging markers studied
here: Principal Component Analysis (PCA) and t-Distributed Stochastic Neighbor Embedding (t-
SNE). Rather than modelling each variable of interest separately, these techniques allow us to
take all the variables for which differences between HIV groups were detected (p<0.05) in

multivariable linear regressions and combine them in a single model. Sensitivity analyses were
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also done using either CD4 or senescent CD8 T cell TL in lieu of using all four subsets to
demonstrate that missing data in the smaller B cell and proliferative CD8 T cell subsets did not
introduce bias. Given that TL in all four subsets were collinear (P<0.0001), modelling one
subset is likely to represent all four. All t-SNE models were generated using a perplexity of 15
with 5000 iterations. These hyperparameters were chosen as they yielded the greatest separation
between HIV groups in the CD4 TL models. For both PCA and t-SNE, data were transformed to

Z-scores prior to analysis.

Statistical analyses were performed using XLSTAT version 2018.7 and JMP Pro 14.3.0 using the

“Rtsne” R package.

4.3 Results

4.3.1 Study sample

Study participant characteristics are shown in Table 4.4. This study was designed primarily to
compare the three groups: SPs, NSPs, and HIV-negative controls. Analyses including UP
participants constituted a secondary objective which has lower power. As such, balance of
demographic and clinical characteristics in the three primary groups was considered separately
from comparisons among all four groups. Half of the SP group were elite controllers, with 41%
and 9% of the group categorized as virologic and non-virologic controllers, respectively. As per
the study design, age and sex were well-balanced across all groups. The median [range] of all
participants was 43[17-75] years old, and 57% of all participants were female. The HIV-

negative group had lower BMI than the other HIV groups. Ethnicity was balanced between the
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SP and NSP groups, but the HIVV-negative control group had fewer ACB and more Indigenous
participants, whereas the UP group had more ACB participants. SP participants were more
likely never smokers and less likely past smokers compared to the other three groups. Viremia
was detected in 58% of SP participants at visit. Peak pVL >100000 HIV-RNA copies/ml was
more common among HIV NSP (54%) and UP (43%) participants compared to SP (2%)
participants. Although CD4 count was similar between SP and NSP groups, UP participants had
significantly lower CD4 count compared to the other HIV groups. Almost all SP participants
were CART-naive (95%) and off CART at visit (96%), whereas all but one NSP participants were
on cART at visit. Among UP participants, 95% were CART-experienced and 11% of were on
CART at visit. Years since HIV diagnosis and % of life since HIV diagnosis were balanced
between the SP, NSP, and HIV-negative groups, whereas UP participants tended to have a higher
% of life since HIV diagnosis. Both number and type of viral coinfections differed between
groups. History of HBV infection was more prevalent among SO (33%) and UP (25%)
participants compared to NSP (9%) and HIV-negative (0%) participants. In contrast, HCV
infection history was balanced across all four groups, with a prevalence between 18 and 40%.
CMV infection history was less prevalent among HIV-negative controls (49%) compared to any

other group (75-82%).
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Table 4.4 Study participant characteristics

Non-Slow Progressors

Uncontrolled Progressors

Slow Progr_essors (SPs) (NSPs) HIV-nfgative P-value? (UPs) p-valueb
(N=57) (N=57) (N=55) (N=28)
Age, years 43 [36,50] (17,73) 43 [36,50] (17,75) 43 [35,49] (17,60) 0.96 42 [35,50] (25,60) 0.98
Female sex 31(54) 31 (54) 31 (56) 0.97 20(71) 0.44
Ethnicity 0.012 (N=27) 0.003
White 35 (61) 29 (51) 34 (62) 9 (33)
ACB 13 (23) 13 (23) 4(7) 11 (41)
Indigenous 5(9) 7(12) 15 (27) 6(22)
Other 4(7) 8 (14) 2 (4) 1(4)
BMI, kg/m? 27 [24,32] (18,51) (N=56) 26 [23,30] (20,46) (N=53) 24 [22,28] (19,40) (N=54) 0.028 25 [23,31] (18,42) (N=26) 0.07
Tobacco smoking (N=56) 0.010 0.030
Current 21 (37) 20 (36) 26 (47) 13 (46)
Past 5(9) 18 (32) 9 (16) 5 (18)
Never 31 (54) 18 (32) 20 (36) 10 (36)
Currently detectable HIV pVL 33 (58) 0(0) <0.001 28 (100) <0.001
HIV peak pVL >100000 copies/ml 1(2) 27 (54) (N=50) <0.001 12 (43) <0.001
Current CD4 count/pl blood 606 [480,780] (290,1200) | 60 [415'(7N6_(5’]6)(9O'129°) 0.17 448 [268,643] (20,981) 0.002
Currently on cART 2 (4) 56 (98) <0.001 3 (11) (N=27) <0.001
Currently cART-naive 54 (95) 0 (0) (N=56) <0.001 1 (4) (N=27) <0.001
Years since HIV diagnosis 6 [3,10] (1,27) (N=48) 7 [5,11] (1,20) (N=27) 0.34 9 [6,15] (3,24) (N=22) 0.12
Ever infected with HBV 19 (33) 5(9) 0(0) <0.001 7(25) <0.001
Ever infected with HCV 10 (21) (N=48) 10 (18) 10 (18) 0.90 10 (40) (N=25) 0.11
Ever infected with CMV 33 (79) (N=42) 46 (82) (N=56) 26 (49) (N=53) 0.0003 15 (75) (N=20) 0.001
Slow progressor category (N=56)
Elite 28 (50)
Virologic 23 (41)
Non-virologic 5(9)

Data are presented as number (%) of individuals or median [interquartile range] (range). Number of participants with available data are indicated in smaller font
when applicable. Comparisons were done using Kruskal-Wallis, Chi-Squared, or Mann-Whitney U Tests depending on data and number of groups.
Abbreviations: BMI, body mass index; cCART, combination antiretrovrial therapy; HBV, Hepatitis B Virus; HCV, Hepatitis C virus; LTL, leukocyte telomere
length; mtDNA, mitochondrial DNA; NSPs, non-slow progressors; pVL, plasma viral load; SPs, slow progressors; UPs, uncontrolled progressors
aGroup comparisons among all slow progressors, non-slow progressors, and HIV-negative controls

®Group comparisons among all slow progressors, non-slow progressors, HIV-negative controls, and uncontrolled progressors

119




4.3.2 Comparisons between TL and mtDNA content in lymphocyte subsets and WB
Participants for whom complete gPCR data were available for all four sorted subsets were
included in univariable analyses. Two-by-two paired comparisons between lymphocyte subsets
revealed intrinsic differences with respect to the two cellular aging markers (Figure 4.5).
Notably, proliferative CD8+ T cells had higher TL and mtDNA content than senescent CD8+ T
cells, and B cells had the highest levels of both markers in the lymphocyte subsets investigated
here. Furthermore, it appears that the subsets with higher TL also have higher mtDNA. When
measured in WB, these markers were also significantly different than their subset measurements
except for senescent CD8+ and proliferative CD8+ T cells for TL and mtDNA content,

respectively.
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Figure 4.5 Comparisons of TL and mtDNA content between lymphocyte subsets and leukocytes among all

participants.

TL (A,B) and mtDNA content (C,D) among participants with data in all four sorted subsets only (left), as well as
among participants with data in all four sorted subsets and WB (right). Boxplots show the median, interquartile and
5-95% percentile bars. Shaded and non-shaded cells in the table are paired Wilcoxon signed rank test P-values for
TL and mtDNA content, respectively. Abbreviations: pCD8, proliferative CD8; sCD8, senescent CD8.

121



4.3.3 Associations of TL and mtDNA content between lymphocyte subsets

Within individuals, TL measurements were correlated between all lymphocyte subsets but not
related to LTL, except for CD4 TL, which appeared to have a weak negative association with
LTL (Table 4.5). Similarly, mtDNA content between all lymphocyte subsets were concordant

and were all positively associated with WB mtDNA content (Table 4.5).
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Table 4.5 Correlations between TL (shaded) and mtDNA (non-shaded) measurements in lymphocyte subsets

and WB
Telomere length
Cell subsets CD4 T cells senescent | Proliferative B cells WB
CD8 Tcells | CD8T cells
0.428 0.651 0.399 -0.211
p | CPATcells § P<0.0001 | P<0.0001 | P<0.0001 | P=0.039
g Senescent CD8 T 0.602 y 0.627 0.484 -0.105
9 | cells P < 0.0001 P<0.0001 | P<0.0001 | P=0.319
<2t Proliferative CD8 0.783 0.661 « 0.562 0.115
Q | Tcells P <0.0001 | P<0.0001 P<0.0001 | P=0.299
€ B cells 0.542 0.606 0.702 y 0.012
P<0.0001 | P<0.0001 | P<0.0001 P=0.922
WB 0.284 0.266 0.254 0.367 y
P =0.002 P =0.004 P =0.007 P =0.0001

Shaded and non-shaded cells represent Spearman’s rho and P-value, respectively. Bold rho values indicate

significance.

All comparisons made with sample sizes between N=69-142 (TL) and N=104-172 (mtDNA). Bonferroni’s
corrected significance value=0.00125.
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These data show that while TL and mtDNA content appear to be different between lymphocyte
subsets, they remain highly correlated between the various subsets. The exception to thisis LTL,

which shows noticeably less or no correlation with TL in various cell subsets.

4.3.4 Univariable comparisons of aging markers between HIV groups

The CD4:CD8 T cell ratio was higher in the HIV-negative group than any HIV group, although
the only detectable difference between HIV groups was that of UP participants having a lower
ratio than SP participants (Figure 4.6A-B). Similarly, HIV-negative participants had higher
proliferative:senescent CD8 T cell ratios than any HIV group. Here, UP participants had a lower
ratio than NSP participants (Figure 4.6C-D). Both ratios were comparable between HIV SP and
NSP groups. Figure 4.7 shows an alternative visualization of the same comparisons using log-

transformed data, which more clearly highlight the differences between groups.
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Figure 4.6 Comparisons of CD4:CD8 T cell and proliferative:senescent CD8 T cell ratios between matched
HIV groups.

CD4:CD8 T cell ratio among matched (A) SP, NSP, and HIV-negative participants, as well as a sensitivity analysis
(B) adding the matched UP group. Proliferative:senescent CD8 T cell ratio among (C) SP, NSP, and HIV-negative
participants, as well as a sensitivity analysis (D) adding UP participants. Dark purple data points in the SP group
indicate elite controllers. Median, interquartile range, and Mann-Whitney U P-values shown.
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Figure 4.7 Comparisons of log-transformed CD4:CD8 T cell and proliferative:senescent CD8 T cell ratios
between matched HIV groups.

Log-transformed CD4:CD8 T cell ratio among matched (A) SP, NSP, and HIV-negative participants, as well as a
sensitivity analysis (B) adding the matched UP group. Log-transformed proliferative:senescent CD8 T cell ratio
among (C) SP, NSP, and HIV-negative participants, as well as a sensitivity analysis (D) adding UP participants.
Dark purple data points in the SP group indicate elite controllers. Median, interquartile range, and Mann-Whitney U
P-values shown.
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Within the CD4 T cell subset, SP participants had shorter TL compared to NSP participants
(Figure 4.8A), and no other differences in CD4 TL were detected between groups (Figure 4.8A-
B). HIV-negative participants had longer B cell TL than all HIV groups (Figure 4.8C-D) but
there were no differences detected between of them. In proliferative CD8+ T cells, HIV-
negative participants had longer TL compared to both SP and UP participants (Figure 4.8E-F).
Finally, SP and UP participants had shorter senescent CD8+ T cell TL compared to both NSP
and HIV-negative participants (Figure 4.8G-H), whereas no difference between SP and UP
groups were detected. Elite controller status did not appear to be driving the effects detected

here.
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Figure 4.8 Comparisons of lymphocyte subset TL between matched HIV groups.

TL among SP, NSP, and HIV-negative participants (left), as well as sensitivity analyses adding UP participants

(right), for CD4 T cells (A, B), B cells (C, D), proliferative CD8 T cells (E, F), and senescent CD8 T cells (G, H).
Dark purple data points in the SP group indicate elite controllers. Median, interquartile range, and Mann-Whitney U

P-values shown.
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Differences in subset mtDNA content between groups were far less apparent (Figure 4.9). The
only detectable difference between groups was NSP participants having increased proliferative
CD8+ T cell mtDNA content compared to HIV-negative controls (Figure 4.9E). UP participants
also trended towards having increased proliferative CD8+ T cell mtDNA content compared to
HIV-negative controls, although the difference did not reach significance (P=0.062, Figure

4.9F).
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Figure 4.9 Comparisons of lymphocyte subset mtDNA content between matched HIV groups.
MtDNA content among SP, NSP, and HIV-negative participants (left), as well as sensitivity analyses adding UP
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participants (right), for CD4 T cells (A, B), B cells (C, D), proliferative CD8 T cells (E, F), and senescent CD8 T

cells (G, H). Dark purple data points in the SP group indicate elite controllers. Median, interquartile range, and

Mann-Whitney U P-values shown.
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In LTL and WB mtDNA content, markers commonly measured in readily available
biospecimens, no differences were detected between NSP and HIV-negative groups (Figure

4.10).
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Figure 4.10 Comparison of LTL and WB mtDNA content between matched HIV groups.
LTL (A) and WB mtDNA content (B) among NSP and HIV-negative participants. HIV SP and UP participants
were excluded because of unavailable WB biospecimens. Median, interquartile range, and Mann-Whitney U P-

values shown.
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Cell subset sizes related to T cell differentiation were also investigated. Figure 4.11 provides a
visual representation of T cell subsets at different states of differentiation, while Figures 4.12
and 4.13 show the comparisons of the subset sizes between groups. In the CD4 T cell
compartment, UP participants had a smaller Tn population than NSP, and SP participants had a
larger Tem population than HIV-negative controls (Figures 4.11-4.12). Inthe CD8 T cell
compartment, SP participants had smaller Tn and larger Tem populations than both NSP and
HIV-negative groups (Figures 4.11, 4.13). Similarly, UP participants had a smaller Ty
population than NSP and HIV-negative groups, but a larger Tem population compared to only the
HIV-negative controls. No differences in any cell subsets were detected between the SP and UP
groups. Lastly, although NSP participants had a smaller Tem population size than SPs, they had
a larger Tem population than HIV-negative controls. As before, the differences detected between

SP participants and other groups do not seem to be driven by elite controller status.

Taken together, differences in CD4 lineage subsets between HIV groups were barely detectable
and unrelated, potentially indicating spurious findings. In contrast, differences in CD8 lineage
subsets were more robust, and the decreased Tn populations seen in SP and UP participants may

be related to their increased Tem populations.
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Figure 4.11 Visualization of T cell lineage subset population sizes.
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Figure 4.12 Comparisons of CD4 T cell lineage subset sizes between matched HIV groups.
Subset sizes among SP, NSP, and HIV-negative participants (left), as well as sensitivity analyses adding UP
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participants (right), for CD4 Ty (A, B), Tem (C, D), Tem (E, F), and Temra (G, H). Dark purple data points in the SP

group indicate elite controllers. Median, interquartile range, and Mann-Whitney U P-values shown.
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Figure 4.13 Comparisons of CD8 T cell lineage subset sizes between matched HIV groups.

Subset sizes among SP, NSP, and HIV-negative participants (left), as well as sensitivity analyses adding UP
participants (right), for CD8 T (A, B), Tcm (C, D), Tem (E, F), and Temra (G, H). Dark purple data points in the SP
group indicate elite controllers. Median, interquartile range, and Mann-Whitney U P-values shown.
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No differences in B cell population sizes were detected between HIV groups (Figure 4.14A-B),
whereas SPs had a larger T cell population than the HIV-negative controls, and the UPs had a
larger T cell population than both SPs and HIV-negative controls (Figure 4.14C-D). Lastly, SP
participants had a smaller Treg population compared to NSP participants, with a non-significant

trend in the same direction compared to HIV-negative controls (Figure 4.14E-F).
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Figure 4.14 Comparisons of B cell, T cell, and CD4 Treg compartment sizes between matched HIV groups.
Compartment sizes among SP, NSP, and HIV-negative participants (left), as well as sensitivity analyses adding UP
participants (right), for B cells (A, B), T cells (C, D), and CD4 Tregs (E, F). Dark purple data points in the SP group
indicate elite controllers. Median, interquartile range, and Mann-Whitney U P-values shown.
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4.3.5 Multivariable predictors of aging markers
Variables that were different (P<0.05) between HIV groups in univariable analyses were

modelled using multivariable linear regressions.

SPs had higher CD4:CD8 ratio compared to NSP and UP participants and lower CD4:CD8 ratio
compared to HIV-negative controls after adjusting for age, sex, and ethnicity, as well as HCV
and CMV infection (N=156, R?=0.49, Figure 4.15A). In the same model, female sex was
independently associated with higher CD4:CD8 ratio, whereas ACB ethnicity and HCV infection
ever were independently associated with lower CD4:CD8 ratio. Here, a trend was observed
between CMV infection and lower CD4:CD8 ratio (P=0.08). In a similar model among PLWH
only, having a peak HIV pVL >100000 HIV-RNA copies/ml was independently associated with
lower CD4:CD8 ratio (Figure 4.15B). In this subgroup analysis with reduced power (N=103
PLWH of the N=156 total participants), the effects of sex and ACB ethnicity remained, while

those of HIV group and HCV infection were lost.

The SP group had lower proliferative:senescent CD8 ratio compared to HIV-negative controls,
but was not discernibly different from either NSP and UP groups (N=156, R?=0.32, Figure
4.15C). Similar to the model describing CD4:CD8 ratio, female sex was independently
associated with higher proliferative:senescent CD8 ratio and a trend was observed between CMV
infection and lower proliferative:senescent CD8 ratio. In the subgroup analysis among PLWH,
higher CD4 count was associated with higher proliferative:senescent CD8 ratio, while the effect

of female sex remained (Figure 4.15D).
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Figure 4.15 Multivariable modelling of CD4:CD8 and proliferative:senescent CD8 T cell ratios.

Multivariable linear models of all participants (left) and subgroup analyses among PLWH (right) are shown,
including models of CD4:CD8 (A-B) and proliferative:senescent CD8 T cell ratios (C-D). Both T cell ratios are log-
transformed. Red confidence intervals indicate statistical significance. Coefficients of determination and
unstandardized 3 values shown.
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In all multivariable models describing TL within CD4, B cell, proliferative CD8, and senescent
CD8 T cell subsets, SPs had shorter TL compared to NSPs and HIV-negative controls, whereas
no differences were detected between SP and UP groups (N=100-127, model R?=0.20-0.34,
Figures 4.16, 4.17). Inall T cell subsets, CMV infection was independently and significantly
associated with shorter TL (P<0.022, Figure 4.16A,C and Figure 4.17A,C), but no effect was
detected in B cells (Figure 4.16C). Older age was associated with shorter TL only in CD4 T
cells (P<0.0001, Figure 4.16A), and female sex was associated with shorter TL in CD4 T cells
(P<0.0001, Figure 4.16A) and proliferative CD8 T cells (P=0.049, Figure 4.17A). ACB and
indigenous ethnicities were associated with longer TL in B cells (P=0.017, Figure 4.16C) and
senescent CD8 T cells (P=0.045, Figure 4.17C), respectively. In subgroup analyses among
PLWH, higher CD4 count was associated with shorter CD4 T cell TL (P=0.042, Figure 4.16B),
but not associated with TL in any other subset (Figure 4.16D and Figure 4.17B,D). HIV peak

pVL also showed no association with TL in any subsets.
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Figure 4.16 Multivariable modelling of CD4 T cell and B cell TL.

Multivariable linear models of all participants (left) and subgroup analyses among PLWH (right) are shown,
including models of CD4 T cell (A-B) and B cell TL (C-D). Both subset TL variables are log-transformed. Red
confidence intervals indicate statistical significance. Coefficients of determination and unstandardized p values

shown.
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Figure 4.17 Multivariable modelling of proliferative and senescent CD8 T cell TL.

Multivariable linear models of all participants (left) and subgroup analyses among PLWH (right) are shown,
including models of proliferative (A-B) and senescent CD8 T cell TL (C-D). Both subset TL variables are log-
transformed. Red confidence intervals indicate statistical significance. Coefficients of determination and

unstandardized 3 values shown.
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NSPs had shorter LTL compared to HIV-negative controls (N=102, R?>=0.58, Figure 4.18A).
Female sex (P<0.0001) and the other ethnicity category (P=0.010), which include Asian, South
Asian, and Hispanic participants were also independently associated with longer LTL. A trend
was observed between older age and shorter LTL (P=0.07), whereas tobacco smoking, BMI,

HCV, and CMV infection were not associated with LTL.

No difference in WB mtDNA content was detected between NSPs and HIV-negative controls
(N=102, R?0.27, Figure 4.18B). Here, female sex (P<0.0001) and CMV infection (P=0.049)

were independently associated with lower WB mtDNA content, and HCV infection (P=0.025)
with higher WB mtDNA content. No relationship was detected between WB mtDNA content

and age, ethnicity, tobacco smoking, or BMI.
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Figure 4.18 Multivariable modelling of LTL and WB mtDNA content.
Multivariable linear models of LTL (A) and WB mtDNA content (B). Red confidence intervals indicate statistical
significance. Coefficients of determination and unstandardized p values shown.

—

Higher mtDNA content

145



A larger CD4 Tn compartment was independently associated with younger age and female sex,
with no detectable association with HIV group (N=156, R?=0.22, Figure 4.19A). BMI, HCV
infection, and CMV infection had no effect. In a subgroup analysis among PLWH, SP status,
higher BMI, and HIV peak pVL >100000 HIV-RNA copies/ml were independently associated
with a smaller CD4 Tn population size (Figure 4.19B). The age and sex effects in the original
model remained. A larger CD4 Tem compartment size was independently associated with male
sex and CMV infection (N=156, R?>=0.18, Figure 4.19C), and these effects remained in a
subgroup analysis among PLWH (Figure 4.19D). No difference was detected in CD4 Tem

population size between HIV groups.
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Figure 4.19 Multivariable modelling of CD4 Tn and Tem subset sizes.

Multivariable linear models of all participants (left) and subgroup analyses among PLWH (right) are shown,

including models of CD4 Tn (A-B) and Tem (C-D) subset sizes. CD4 effector memory T cell population size is log-

transformed. Red confidence intervals indicate statistical significance. Coefficients of determination and

unstandardized 3 values shown.
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In contrast with the CD4 compartment, CD8 differentiation subsets were different between HIV
groups. SPs had a smaller CD8 Tn subset compared to NSPs and HIV-negative controls, but not
UP participants (N=156, R?=0.34, Figure 4.20A). Older age and CMV infection were
independently associated with a smaller CD8 Tn subset, whereas female sex was independently
associated with a larger subset. Among PLWH, higher CD4 count was independently associated
with a larger CD8 Ty subset (Figure 4.20B). In this subgroup analysis, the effect of HIV group,
sex, and CMV infection remained, but the effect of age was lost. The multivariable models
describing CD8 Tem population size revealed several associations in the opposite direction
compared to those of CD8 Tn. SPs had a larger CD8 Tem subset compared to NSPs and HIV-
negative controls, but not UP participants (N=156, R?>=0.27, Figure 4.20C). CMV infection was
independently associated with a larger CD8 Tewm subset, whereas age had no effect. In the HIV
subgroup analysis, neither CD4 count nor HIV peak pVL was associated with CD8 Tem

population size (Figure 4.20D).
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Figure 4.20 Multivariable modelling of CD8 Tn and Tem subset sizes.

Multivariable linear models of all participants (left) and subgroup analyses among PLWH (right) are shown,

Larger Subset

including models of CD8 Tn (A-B) and Tem (C-D) subset sizes. Both CD8 T cell subset population sizes are square

root-transformed. Red confidence intervals indicate statistical significance. Coefficients of determination and

unstandardized 3 values shown.
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Female sex was independently associated with larger T cell population size, but the latter was not
associated with any other explanatory variable studied here (N=156, R?=0.29, Figure 4.21A-B).
A larger Treg population size was independently associated with male sex, lower BMI, and HCV
infection, but not HIV group (N=156, R?>=0.19, Figure 4.21C). In the HIV subgroup analysis, a
larger Treg population size was independently associated with lower CD4 count but was not
associated with HIV peak pVL. The effect of BMI in the above model remained, but the effects

of sex and HCV infection were lost.
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Figure 4.21 Multivariable modelling of T cell and CD4 Treg Subset sizes.

Multivariable linear models of all participants (left) and subgroup analyses among PLWH (right) are shown,

including models of T cell (A-B) and CD4 T (C-D) subset sizes. T cell and CD4 Ty population sizes are cubed

and log-transformed, respectively. Red confidence intervals indicate statistical significance. Coefficients of

determination and unstandardized 3 values shown.
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4.3.6  Dimensionality reduction visualization of aging markers

The multivariable linear regressions described above enable us to draw statistically stringent
conclusions from the data, but they are limited by their capacity to model one variable of interest
at a time. This makes complex datasets involving multiple variables of interest difficult to
conceptualize. By using dimensionality reduction visualization techniques such as PCA and t-
sne, we can visualize the relationships between any number of variables collapsed down to a
two-dimensional plot. Using this plot, we can also visualize how HIV groups are associated with

these variables. In the context of PCAs, these two dimensions are called principal components.

Here, we take all the variables of interest that multivariable linear regressions revealed to be
different between HIV groups (P<0.05) and model them using PCA. The first two principal
components (PC1 and PC2) are shown in Figure 4.22A-B (N=121, variance explained by
PC1+PC2 = 66%). This model demonstrated collinearity in TL between CD4 T cells, B cells,
and proliferative CD8 T cells, as suggested in earlier univariable analysis. The senescent CD8 T
cell TL appeared to have the weakest association with the other subset TL measurements.
Furthermore, CD4:CD8 T cell ratio, proliferative:senescent CD8 T cell ratio, and CD8 Ty subset
size were also collinear. As expected, CD8 Tn and Tem population sizes were inversely related.
When PC1 and PC2 data points were categorized by HIV group, there was substantial overlap
between participants in different groups (Figure 4.22B). Despite this, the position of the
centroids of each group suggests that the greatest difference between groups exists between SPs
and HIV-negative controls, with UPs more similar to SPs and NSPs more similar to HIV-
negative controls. Moreover, the position of the centroids relative to vectors representing the

original variables suggests that SPs tend to have larger CD8 Tem populations, and that HIV-
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negative controls tend to have larger CD8 Tn populations and higher CD4:CD8 ratio compared
to the other groups. Overall, this PCA supports the findings of earlier linear regression models
showing opposing relationships between CD8 Tn and Tem population sizes with explanatory

variables including HIV group, age, sex, and CMV infection (Figure 4.20).

A sensitivity PCA was done with CD4 TL instead of using TL from all four subsets (Figure
4.22C-D). This was done to increase power and mitigate the chance that missing TL data could
introduce a bias in these models. In this sensitivity analysis, the explained variance increased but
the separation between HIV groups appeared to be weaker (N=160, variance = 75%). Despite
this, the greatest separation between groups remains between HIV SPs and HIV-negative
controls, although the separation between NSPs and HIV-negative controls is greater relative to
the earlier PCA. The opposing relationship between CD8 Tn and Tem population sizes remained,
as did the collinearity between CD4:CD8 and proliferative:senescent CD8 T cell ratios. As
above, another sensitivity analysis was done using senescent CD8 TL instead of CD4 TL
(N=153, Figure 4.22E-F). This was done to evaluate the robustness of the model when another
cell subset is used to represent PBMC TL. Compared to the CD4 T cell TL model, the
relationships between the other markers was virtually identical, reinforcing the robustness of the
models. However, the HIV NSP group appeared to shift closer to the HIVV UP population and
away from the HIV-negative controls, although the centroids still indicate that SPs were most
different from HIV-negative controls, and most similar with UP participants. These sensitivity
models suggest that TL differences contribute substantially to the holistic differences between

HIV groups, even when the other variables remain the same.
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Figure 4.22 Dimensionality reduction visualization using PCA.

® HIV-

® HIV+ NSP

® HIV+ 5P
HIV+ UP

PCA biplots of the first two principal components are shown. Left and right panels show the same data, with data
points and 95% confidence intervals of HIV groups shown on the right. Three models are depicted using TL data
from all subsets (A-B), CD4 T cells (C-D), and senescent CD8 T cells (E-F). Loadings of explanatory variables are

shown, and centroids of the four HIV groups are shown as large colour-coded dots on all panels.
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In summary, PCA modelling revealed robust relationships between immune aging markers that
persisted in sensitivity models where TL data from either the CD4 or senescent CD8 T cell
compartment substituted those from all subsets. However, none of the PCA models showed truly
distinct clustering of data by HIV groups, although the first two principal components explained
66-75% of the total variance. While it is possible that increasing sample size or number of
relevant variables would more clearly resolve HIV groups, it is more likely that for the immune
markers investigated here, the intrinsic variability within groups is greater than the variability
between groups. Despite this, a recurring pattern was observed whereby SP participants were the
most similar to UP participants and the most dissimilar with NSP participants and HIV-negative
controls. The latter two groups were most closely associated in two of the three models. In
relation to the original variables, SP participants tended to have larger CD8 Tem and smaller CD8
Tn populations on average, while the opposite was true for the HIVV-negative controls. Similarly,
SPs and HIV-negative controls tended to have shorter and longer PBMC subset TL respectively,

although this relationship was less clear than that seen with the CD8 T cell population sizes.

Dimensionality reduction visualization was then done using t-sne as an alternative to PCA.
Unlike PCA, which models variables of interest linearly, t-sne is a non-deterministic technique
sensitive to non-parametric relationships between variables. In many datasets, this is the

superior technique for resolving clusters between groups.

A t-sne model using the same variables as the PCA was done, which demonstrated an apparent
polarity between HIV groups, where a higher density of SP data points was plotted away from

those of HIV-negative controls (Figure 4.23A). Although these data were still insufficient to
155



form distinct clusters, the difference between SP and HIV-negative groups was more evidently
resolved compared to PCA generated from the same data. Clustering of the HIV NSP and UP

groups was less apparent.

As with the PCA models, sensitivity t-sne models were created in which all PBMC subset TL
were substituted by either CD4 of senescent CD8 T cell TL (Figure 4.23B-C). Inthe CD4 T cell
TL model, the NSP data points appeared to be more strongly associated with those of the HIV-
controls and less with the SP group. This may be the benefit of a larger sample size when only
using TL data from one subset (N=160 and N=121). The UP group remains similarly
unresolved, perhaps because of the comparatively lower sample size within that group. In both
sensitivity models, the differences between the SP and HIV-negative groups remain. Together,
these t-sne models indicate that including all PBMC subset TL data was not superior to only
including TL data from one subset. This is in contrast with the PCAs, in which the overall

separation between HIV groups was less easily discerned.
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4.4  Discussion

The purpose of this study was to characterize the differences in immune aging between people
with naturally-controlled HIV, cART-controlled HIV, uncontrolled HIV, and no HIV. We
sought to determine whether a person’s natural ability to control HIV would translate to a natural
defense against HIV-mediated accelerated immune aging. In contrast to our hypotheses, our
analyses robustly demonstrated that SPs have an older immune aging profile than age- and sex-
matched NSPs and HIV-negative controls, with a similar immune aging profile to UPs.
Furthermore, we showed that HIV-mediated immune aging can be observed in specific cell types
as well as in the T cell population holistically. This is demonstrated most explicitly in the SP
participants, who have shorter TL in T cell subsets and expanded populations of more
differentiated CD8 T cells compared to HIVV-negative controls. These results support treatment
of SPs, even elite controllers who can maintain undetectable HIV pVL, and provide insight on

the role of chronic viral infections in aging in general.

We first characterized the degree to which cellular aging markers in PBMC subsets were
mutually related. Specifically, we sought to ascertain whether HIV-induced changes in WB
markers such as LTL and WB mtDNA content were driven by cellular aging or redistribution of
cellular subsets. We found that although cellular markers were correlated between all four
subsets among our entire sample, these markers were also different between specific subsets
within individuals. For example, proliferative CD8 T cells intrinsically had higher TL than
senescent CD8 T cells, and B cells intrinsically had higher TL and mtDNA content compared to
T cell subsets. This suggests that while the variability between subsets was larger than the

variability within subsets, individuals with evidence of greater cellular aging for a given marker
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in one subset tended to show the same in all subsets. Furthermore, the correlations within
lymphocyte subsets were much higher than the correlations between lymphocyte subsets and
WAB, although WB mtDNA was a better proxy of lymphocyte subsets than LTL. These results
imply that neutrophils exert immense influence on LTL, suggesting that studies aiming to
characterize lymphocyte TL should measure PBMC TL rather than LTL or incorporate both LTL

and neutrophil-lymphocyte ratio into a multivariable analysis.

We also found that HIV status was associated with both more differentiated T cell distributions
as well as shorter cell subset TL. Furthermore, the effect of HIV group on TL in all four PBMC
subsets were similar. This, in conjunction with the collinearity in TL between PBMC subsets,
suggests that HIV has a negative and uniform effect on TL in PBMCs. Together, these analyses
indicate that HIVV-mediated immune aging, and perhaps immune aging in general, affects both
markers of cellular aging as well as T cell subset distributions. It remains unclear whether these
effects represent a single phenomenon, or whether immune aging can occur via T cell
redistribution in the absence of cellular aging. If the latter is true, future studies are needed to
determine the causal direction between cellular aging and T cell differentiation in the context of

immune aging.

Our data show that SPs had consistently older immune aging markers compared to NSPs and
HIV-negative controls. It is worth noting that although the largest differences were seen
between SP and HIV-negative control groups, our models generally detected no differences
between the SP and UP groups. Similarly, although our models were not designed to detect

differences between cART-controlled NSPs and HIV-negative controls, our analyses strongly
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implied no differences between these two groups. These results suggest that cCART is not only
effective at preventing AIDS but is also effective at preventing HIV-induced immune aging.
Conversely, these data also suggest that although SPs may benefit from slower HIV disease
progression, these individuals who are not treated with cART experience HIV-induced immune
aging to a degree comparable with their peers living with uncontrolled disease progression. We
hypothesize that SPs mitigate HIV disease progression at the expense of their immune capacity,
perhaps with a sustained and comparatively high-level immune response that, over time, appears
to translate into shorter PBMC subset TL and an expanded CD8 Tewm as seen in the SP

participants in this study.

An exception to this pattern was observed with CD4:CD8 T cell ratio, where SPs had a higher
ratio than UPs and NSPs, but a lower ratio than HIV-negative controls. This could in theory
reflect an intrinsic protection against the HIV-mediated CD4 T cell attrition among SPs that is
mitigated but not completely prevented by cART among NSPs. Alternatively, differences in
CD4:CD8 T cell ratio could be driven by differences in CD8 T cell expansion between HIV
groups. The latter is implicated by the strong association between SP status and CD8 T cell
differentiation. However, our own data argue against the latter proposition, as no difference was
seen in CD8 T cell differentiation between SP and UP groups, yet SPs had significantly higher
CD4:CD8 T cell ratio than UPs. These results imply that HIVV-mediated CD8 differentiation and
PBMC TL shortening is likely governed by a distinct mechanism than HIV-induced CD4
attrition. SPs appear to be protected from CD4 T cell depletion but undergo greater CD8 T cell
differentiation than their CART-treated peers. Hence, these data strongly support the benefits of

CART treatment in SPs. More research is needed, including data on absolute CD4 and CD8 T
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cell counts per volume of blood, to further explain the differences in CD4:CD8 T cell ratio in

these HIV groups.

The immune markers that appeared most strongly modulated by HIV status were also those that
showed the strongest association with chronological age. Specifically, SPs had shorter TL in all
PBMC subsets, a reduced CD8 Tn population, and an expanded CD8 Tem population, after
adjusting for relevant confounders. The skewing of CD8 T cells away from the less
differentiated naive phenotype and towards the most differentiated memory phenotype is seen
with older age in healthy individuals 1% as is shorter TL in PBMCs 342, The effect of age on
CD8 Tn and Tem compartment sizes was reproduced in our models, and the effect of HIV group
was greater than that of a decade of aging. However, no association was detected between older
age and shorter CD8 T cell or B cell TL, suggesting that the effect of age on CD8 T cell
differentiation is greater than its effect on CD8 T cell TL, or that the variability of CD8 T cell TL
is influenced by a confounder that is unaccounted for in our analysis. Likewise, contrary to the
literature, we found no association between WB mtDNA content nor LTL with age, although a
non-significant trend was observed between shorter LTL and older age. We were likely limited
by sample size here (N=102), as it was not an objective of our study to reproduce known effects

of age-related WB biomarkers.

Although it was not our goal to characterize the role of sex in immune aging, sex was included as
an explanatory variable in our models to adjust for its known effect on immune aging. It is well
accepted that females have longer LTL than males 2%%". A more detailed analysis within cell

subsets has also shown that in adults, females have longer TL in lymphocytes, naive T cells, and
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B cells, but not granulocytes and memory T cells 3. However, this is apparently contradicted
by a meta-analysis suggesting that females may have shorter telomeres in the bulk PBMC
population 2, which comprises mostly lymphocytes. The source of this discrepancy remains
unclear, though the authors noted that effect sizes were somewhat modulated by measurement
methods ?°. Our data are consistent with the meta-analysis, showing in a single sample of adult
individuals that women had higher LTL, yet shorter TL in the CD4 and proliferative CD8 T cell
compartments. We also observed non-significantly shorter (P<0.09) TL in the remaining PBMC
subsets among women. Our multivariable modelling offered a potential explanation to this
apparent contradiction. Although women had somewhat shorter TL in specific PBMC subsets,
women also had much larger populations of cell types with relatively little replication history and
inherently longer TL, with the net effect being longer LTL. Our data showed that being female
was independently associated with having T cell distributions with larger naive and smaller
differentiated populations. This included larger CD4 and CD8 Tn compartments, smaller CD4
Tem populations, and a larger proliferative:senescent CD8 T cell ratio. Further research is
necessary to clarify the differences in immune aging between males and females, including
studies on differences in lymphocyte:neutrophil ratio, which could greatly influence LTL

measurements as well.

It is known that the presence of chronic/latent coinfections has an impact on HIV disease
progression and immune aging. We considered past or present infection with HCV or CMV as
explanatory variables to further understand the differences we detected between HIV groups.
The effect of CMV on immune aging is well known and is described in chapter 1. In line with

previous evidence, we observed consistent associations between CMV infection and shorter TL
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in T cell subsets. Furthermore, we found CMV to be concomitantly associated with larger Tem
populations in both CD4 and CD8 T cell compartments, and with a smaller Tn population only
among CD8 T cells. Our data also showed associations between HCV and a reduced CD4:CD8
T cell ratio as well as an expanded CD4 Treg population. These associations were independent of
HIV, suggesting that an accumulation of viral coinfections in PLWH is accompanied by a
corresponding decline in immune aging markers. Furthermore, the inclusion of CMV and HCV
infection history into our models allowed us to interpret the effect of HIV status as independent
of those coinfections. However, our data did not allow us to account for active vs. cleared HCV,
nor for active vs. latent CMV infection, so the extent to which the effects seen in our data were
driven by active infections remains unknown. Nevertheless, these data highlight the importance
of considering coinfections such as HCV and CMV in studies characterizing the immune

consequences of HIV.

A secondary objective of this study was to establish a holistic profile of accelerated immune
aging among people living with HIV using the numerous markers studied here. First,
multivariable linear regressions were used to determine which markers were adversely affected
by HIV-mediated immune aging. Then, dimensionality reduction visualization using PCA and t-
sne provided a more integrated understanding of how these markers were related to one another
and visualized the extent to which participants from different HIV groups were different from
one another compared to the intrinsic variability of participants within groups. In agreement
with the other linear regressions conducted in this study, the PCAs demonstrated collinearity
between TL of different PBMC subsets as well as an inverse association between CD8 Tn and

Tem population sizes. CD4:CD8 and proliferative:senescent CD8 T cell ratios were also more
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related to measures of cell subset compartment size rather than subset TL. While shorter PBMC
TL and more differentiated CD8 T cell populations are both markers of older age, our PCAs
showed relatively little relationship between them, suggesting that cellular aging within subsets

may be a distinct process from immune aging in the form of cell subset redistribution.

Although the multivariable linear regressions demonstrated robust differences between HIV
groups, the most obvious interpretation of the plots generated by the dimensionality reduction
visualization techniques was that the variation between individuals within groups remains much
greater than the variation between groups. In the PCA models, a recurring pattern was observed
where the SP and HIV-negative control groups were the most dissimilar. In addition, the UPs
were on average more similar to SPs while the NSPs were more similar to the HIV-negative
controls. The t-sne plots showed a similar trend, with the exception of the UP group, which
appeared to exhibit greater variability due to reduced sample size. Overall, the HIV group
confidence intervals greatly overlapped on the PCA plots, and distinct clusters did not form in
the t-sne plots. Nevertheless, these models helped visualize the holistic effect of HIV-mediated
accelerated immune aging, and together with the multivariable models, highlight specific

immune markers that are most affected by HIV.

The primary strength of our study was a well-powered age- and sex-matched design that
compared an extensive panel of immune aging markers between four HIV groups. One of these
matched groups consisted of SPs, a rare population that is comparatively under-studied, allowing
us the unique and novel opportunity to broadly characterize immune aging in this group

compared to other more common HIV groups, as well as HIVV-negative controls. This study also
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benefited from statistical methodology that captures the effect of numerous immune aging
markers and their potential confounders. The methodology relied on a systematic approach used
to refine and develop models in a way that minimized potential human bias. Aside from age and
sex, our analyses adjusted for numerous sociodemographic and clinical confounders known to
influence immune aging, such as ethnicity, BMI, tobacco smoking, and chronic/latent viral
coinfections. However, we did not have information on current CMV or HCV replication, hence
could not tease out the potential effect of active infections with these two viruses. Furthermore,
we lacked data on other forms of environmental stresses such as psychosocial stresses that may

also play a role in immune aging. This should be explored in future studies.

Another limitation of our study was a potential cohort effect. While SP and UP groups were
recruited from two pan-Canadian cohorts, NSPs and HIV-negative controls were recruited from
only one of them. Therefore, it is possible that differences between those two groups and others
were driven by a cohort effect rather than the effect of HIV. However, we have applied stringent
QC throughout all aspects of our data collection to ensure only high-quality data were included
in the analyses. Additionally, we have done sensitivity analyses to ensure that dead cells and
missing data did not introduce bias. These measures mitigated the potential of a cohort effect
driving our results. Lastly, the effectiveness of our dimensionality reduction strategies to capture
differences between HIV groups was reduced by the inherent dimensionality of our dataset.
Although the many immune aging markers included in these models were helpful in showing the
trend between groups, even participants within groups likely differed along many other

dimensions that were not captured in our models.
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In summary, this study fulfilled its primary objective and demonstrated that SPs experience
exacerbated immune aging compared to cART-controlled NSP and HIV-negative control groups.
We robustly showed that SP control of HIV replication is associated with the cost of accelerated
immune aging, and strongly suggest that SPs, even elite controllers, would benefit from cART.
Furthermore, these results provide insight on the immune aging consequences of HIV and other
chronic viruses such as CMV. By doing so, this study not only furthers the understanding of the
specific effects of HIV, but also helps us understand the role of chronic viral infections in aging

in general.
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Chapter 5: Conclusion

5.1 Summary of findings and translational significance
The overarching goal of my PhD research was to investigate HIV infection as a human model of
aging using well-established markers of immune aging in a well-controlled cohort of PLWH and

HIV-negative controls across Canada.

TL and mtDNA content are two markers of cellular aging that are widely used in clinical
research and feature prominently in the data presented here. My first objective was to adapt an
MMQgPCR technique previously designed to measure TL for use in measuring mtDNA content.
The updated technique shows a two-fold improvement in time and cost-effectiveness over
conventional monoplex gPCR and mitigates the variability introduced by human pipetting error.
Furthermore, the MMgPCR mtDNA content assay is highly reproducible as established by
multiple operators, is highly concordant with monoplex gPCR as measured using biospecimens
from various tissues, and has a low limit of detection. The latter benefits my own research
specifically because measuring mtDNA in relatively small cell subsets, such as senescent CD8 T
cells, can be challenging without an assay that maintains high accuracy and precision despite low
quantity of input material. This updated technique is ideal for high-throughput applications and
can benefit a wide range of research applications. As more data are collected across a variety of
research fields, the predictive properties of mtDNA content in blood continue to be better
defined. Once these properties are sufficiently characterized, it is possible that WB mtDNA

content may be incorporated as part of composite assessments, such as the Framingham risk
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score for heart disease, or as part of routine clinical tests. Iterative improvements on the

methodology, such as the one described here, are a crucial part of this process.

My next objective was to characterize the effects of HIV and HIV-related clinical parameters on
TL and mtDNA content in WB. Because LTL and WB mtDNA content are relatively easy to
measure, | was able to conduct this study using 312 WLWH and 300 HIV-negative controls,
including 296 participants with longitudinal biospecimens. In well-controlled analyses adjusting
for age, ethnicity, and substance use, | found that uncontrolled HIV viremia exacerbated the
attrition rate of both markers. For example, LTL loss occurs at a rate of approximately 30
bp/year in the general population, whereas uncontrolled HIV viremia is associated with LTL loss
of greater than 100 bp/year. This finding reinforces the importance of CART and explicitly
demonstrates the immune consequences of losing HIV control. | also found an inverse yin and
yang relationship between the rates of LTL loss and WB mtDNA content loss, whereby faster
LTL attrition was associated with slower WB mtDNA content loss. This phenomenon is
consistent with the mitochondrial protective function of telomerase, which localizes to
mitochondria and protects them from damage while neglecting telomere maintenance during
circumstances of oxidative stress. This mechanism suggests that the immediate protection of
mitochondria from oxidative damage is favoured over the long-term benefits of telomere
maintenance. The data presented here may be the in vivo consequence of this mechanism, in
which the accumulation of oxidative challenges to the mitochondria over many years results in
slower mtDNA content loss at the cost of faster TL attrition. Although this association is robust,
it needs to be confirmed in an independent cohort. If the relationship proves to be reproducible

in independent studies, it will be essential in future aging studies to incorporate both markers.
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For example, when studying a disease known to affect LTL, analyses would benefit from
considering the influence of WB mtDNA content in the sample. Furthermore, as mentioned
above, both LTL and WB mtDNA content may be incorporated in routine standard of care
testing in the future. A better understanding of the relationship between the two could greatly

increase their predictive value.

Finally, my last objective was to further explore HIV as a human model of immune aging by
studying SPs, a rare population of PLWH who have the natural ability to impede disease
progression in the absence of treatment. A group of 57 SPs were sex- and age-matched with
cART-controlled NSPs, UPs who were not on cART, as well as HIVV-negative controls. The
scarcity of the SP population limited the power relative to the previous study. To compensate, |
measured a wider range of immune markers, including TL and mtDNA within relevant immune
cellular subsets, as well as T cell differentiation. These markers have previously been
established to decline with age, and most of them are also considered to be markers of HIV-
mediated accelerated immune aging. I hypothesized that the SPs’ ability to naturally control
HIV would translate into protection against HIVV-mediated accelerated immune aging. In
contrast, my data definitively show that SPs have immune aging markers related to older age
compared to HIV-negative controls and even cART-controlled PLWH. SPs have shorter
immune subset-specific TL and more differentiated CD8 T cell populations. This is also
visualized holistically using dimensionality reduction techniques that illustrate the dissimilarity
between SPs and NSPs while taking into account the many relevant markers of immune aging
simultaneously. This is the first study showing the immune consequences of naturally

controlling HIV compared to a matched group of PLWH on cART with undetectable viremia.
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These data highlight the importance of never compromising cART control of HIV, even in SPs.
Furthermore, in the context of HIV as a human model of aging, these analyses among SPs raise
the possibility that accelerated immune aging in HIV may be more related to the immune
response to HIV rather than immune compromise from HIV disease progression. This is
supported by the evidence showing that HIV-mediated accelerated immune aging is considerably
alleviated by cCART. However, successful CART does not completely eliminate the immune
response to HIV, as seen by low levels of inflammation and immune activation that have been
documented in people living with cART-controlled HIV. If treatment exists whereby the
immune response to HIV is completely abolished, perhaps HIV-mediated accelerated immune

aging would be eradicated as well.

Overall, in the pursuit of characterizing HIV as a human model of aging, my research supports a
paradigm in which immune aging is in part driven by the accumulation of immune challenges
that deplete the finite capacity of the immune system. In a chronic disease such as HIV
infection, this effect is exacerbated, resulting in an apparent accelerated aging phenotype in
PLWH. In HIV specifically, my research highlights the consequences of uncontrolled viremia

and reinforces the benefits of cCART.

5.2 Future directions

5.2.1 Confirming relevance in other populations in independent cohorts
When observational studies reveal novel findings, the first priority is always to confirm the

findings in an independent cohort in order to address the potential biases inherent to
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observational studies. Here, the analyses characterizing the immune consequences of HIV
benefit from using well-controlled groups representing a relatively narrow slice of the global
population. A future study should determine whether these findings hold true in other
populations that would ideally represent genetic, environmental, societal, and/or cultural factors
dissimilar to the sample used here. For example, ethnicity, income, diet, physical activity, access
to healthcare, personality, as well as psychosocial stresses such as childhood trauma have all
been linked to differences in TL. These potential confounders may also have unpredictable
interactions that may exaggerate or hide the effect of HIV on immune aging. Future studies
should aim to capture such factors and thereby strengthen the robustness of the findings

presented in the current study.

One specific population that should receive particular focus is children who are affected by HIV,
who intrinsically have differences in immunity compared to adults, such as much higher normal
ranges of WBC and CD4 counts. A subset of these children acquired HIV perinatally and has
therefore lived with HIV during infancy, a time of underdeveloped immunity. Another subset is
individuals who are exposed to HIV in utero but are not infected. These HEU individuals are
exposed to in utero maternal cART and potentially pro-inflammatory HIV milieu. Because of
the relative recency of HIV and cART, these populations are only now beginning to reach early
middle age. What were previously pediatric studies on these populations are beginning to evolve
into aging studies in adults. It is unknown how differently these growing populations will

experience the accelerated immune aging seen in elderly PLWH today.
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A future study should also aim to investigate parameters of HIV immune response and integrate
them into the panel of immune markers investigated in the current study. For example, the size
of the HIV-specific CD8 T cell population, HLA typing, and markers of immune activation
could be incorporated into the current analysis of immune aging. Metrics of immune aging
themselves could also be expanded to include, for example, DNA methylation markers
associated with older age and accumulation of mtDNA mutations. Increasing the dimensions by
which HIV immune consequences are characterized may help pinpoint the mechanisms behind,

and potentially identify predictors of, resistance against HI\VV-mediated immune aging.

Addressing the connection between immune aging markers and age-related comorbidities can
perhaps be considered the final domain of HIV and aging research. This would ideally be
addressed with a prospective cohort of PLWH in which comorbidities such as HIV-associated
neurocognitive disorders, retinopathy, low bone mineral density, and frailty can be recorded.
Such a study would include follow-up visits for longitudinal analyses over a long enough period
of time to capture the incidence of these age-related comorbidities. These data would allow
researchers to identify which immune aging markers have the greatest capacity to predict
comorbidities, and potentially identify mechanisms behind the increased incidence of some of
these comorbidities in HIV. It could also identify factors modifiable through prevention or

treatment to attenuate immune aging and promote healthy aging.

5.2.2 Exploring other chronic/latent viral infections as human models of aging
The impact of HIV on accelerated immune aging is relatively well-characterized. However,

there is also evidence of similar effects in other chronic/latent viral infections, especially CMV.
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The immune consequences associated with CMV, as well as with HIV-CMV coinfection, are
briefly outlined in chapter 1. The effect of CMV on CD8 T cell differentiation is comparable to,
if not greater than, the effect of HIV. However, it is more difficult to study the effect of CMV
because of its asymptomatic nature in the general population of healthy adults and because of the
unpredictability of its periodic reactivations. It is possible that any effects of CMV on
accelerated immune aging are related to these transient episodes of viral replication. A future
study to address the impact of CMV would have to be carefully designed with frequent visits in
order to capture the frequency and severity of reactivations. By doing so, it may be possible to
identify a unique population of individuals who are more naturally resistant to CMV
reactivations. This population would be analogous to the SP population in HIV and may shed
light on the mechanisms by which CMV induces accelerated immune aging. An argument was
made at the outset of chapter 1 regarding the societal cost of HIV-mediated immune aging. With

more data, it is possible that a stronger argument can be made for that of CMV.

To further broaden the concept of chronic/latent viral infections as human models of aging, it is
reasonable that the accumulation of multiple infections would have proportionately, or perhaps
even disproportionately, larger effects on immune aging. Some of the more common viruses like
HCV, EBV, HSV-1 and -2, and VZV have been associated with shorter TL as well as higher
prevalence of age-related comorbidities. Future studies that characterize lifetime cumulative
viral burden in the general population may find it to be a major driver of biological aging. Itis
conceivable that better prevention and control of a wide array of chronic/latent viral infections
using tools such as vaccines and antiviral treatments would extend lifespan and lead to healthier

aging. If so, this would represent an evolution in the paradigm of aging research.
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