ENVIRONMENTAL IMPACT ON LIFELONG IMMUNITY: THE ROLE OF
INFECTION AND NUTRITION IN HOST HOMEOSTASIS

by

Nico A. Contreras

Copyright © Nico A. Contreras 2019

A Dissertation Submitted to the Faculty of the

DEPARTMENT OF IMMUNOBIOLOGY

In Partial Fulfillment of the Requirements

For the Degree of

DOCTOR OF PHILOSOPHY

In the Graduate College

THE UNIVERSITY OF ARIZONA

2019



THE UNIVERSITY OF ARIZONA
GRADUATE COLLEGE

As members of the Dissertation Committee, we certify that we have read the
dissertation prepared by Nico A. Contreras, titled Environmental Impact On
Lifelong Immunity: The Role Of Infection And Nutrition In Host
Homeostasis and recommend that it be accepted as fulfilling the dissertation
requirement for the Degree of Doctor of Philosophy.

J’@#/f ® Date: ( “hrhs )

Kirsten H-Limesand, PhD

\. /',.\_

-

AW Date:(.C/[g//Ci)

[ \ Janko Nikolich-Zugich, MD, PHD

=

'\_‘. ///
z 2 | Date: (& 19 |2a9)
.~ “Jofin G-Purdy, PhD
7 < ) ,
‘52-9 = Date: (C{W[(G )
Dominik Schenten, PhD

Final approval and acceptance. of this dissertation is contingent upon the
candidate’s submission of the final copies of the dissertation to the Graduate
College.

| hereby certify that | have read this dissertation and recommend that it be
accepted as fulfilling the dissertation requirement.

%14@9“ 0 Date: ( "/u’/q )

Kirsten H. Limesand, PhD

| hereby certify that | have read this dissertation prepared under my direction and
recommend that it be accepted as fulfilling the dissertation requirement.

A WS Date:('z/?//q)

(Jalqko Nikolich-Zugich, MD, PhD

¥




STATEMENT BY AUTHOR

This dissertation has been submitted in partial fulfilment of the
requirements for an advanced degree at the University of Arizona and is
deposited in the University Library to be made available to borrowers under rules
of the Library.

Brief quotations from this dissertation are allowable without special
permission, provided that an accurate acknowledgement of the source is made.
Requests for permission for extended quotation from or reproduction of this
manuscript in whole or in part may be granted by the copyright holder.

SIGNED: Nico A. Contreras



ACKNOWLEDGMENTS

To the taxpayers who paid for this work.
To the National Institute of Health who distributed funds for this work.
To Janko who supervised this work.
To the members of the Nikolich lab who critiqued this work.
To the people who will read this work.
To the ones who told me to be quiet and get back to work.

| thank you all.



DEDICATION

For my family
Do mo theaghlach

Para mi familia



PREFACE

The beginning of wisdom is: get wisdom;
Whatever else you get, get understanding.

(Proverbs 4:7)
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ABSTRACT

The impact of environmental pressures on the immune system is
significant and complex. External influences contribute to immune development,
cause or impact diseases, and fundamentally alter responses to future stressors.
Infection and diet are two of the most profound external modifiers of host
physiology. They can fundamentally alter normal biological pathways and lead to
disparate phenotypes even in the context of identical genotypes, as in
monozygotic twins. This dissertation will detail work that has investigated impacts
of (i) lifelong infection and (ii) nutritional modulation upon host immunity, health,
and lifespan. The first topic was addressed by studying the consequences of
lifelong cytomegalovirus infection in the context of adipose tissue inflammation,
viral persistence, and hyperglycemia. For the second, caloric restriction was used
as a dietary intervention in old age and the consequences on immune cell
populations across a spectrum of host tissues were studied. Obtained findings
cross with the fields of immunology, gerontology, nutritional sciences, aging,
virology, and endocrinology and have potentially significant and broad reaching

consequences for human health.
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GOALS OF THIS DISSERTATION

“‘Everyone has a plan until they get punched in the mouth.” — Mike Tyson

Memory is the sum of imprinted experiences and is a crucially important
aspect of immunity. Experience of the environment influences the formation,
maintenance, and recall responses of the innate and adaptive arms of the
immune system. Factors such as age, dietary nutrition, and infectious or non-
infectious disease status are of the utmost importance when interpreting data
used to devise potential preventative, prophylactic or therapeutic treatments, and
track clinical outcomes. Therefore, rigorous research that combines the
complexities of nature and nurturing factors is of great importance to deeper
understanding of immunity. The goal of this dissertation is to present research
that has interrogated multiple angles of environmental pressures and to
demonstrate the effects, in combination, that aging, dietary interventions, and
lifelong infection can have on the immune system across the organism. Here |
will highlight, specifically, research on how caloric restriction (CR) impacts the
tissues of the immune system and leukocyte redistribution. 1 will also present an
analysis of the impact of lifelong infection in a crucial endocrine organ, adipose
tissue, in the context of its role in systemic metabolic health. Each chapter of this

dissertation will contain relevant background information for all topics covered.
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CHAPTER 1. DEFINING ENVIRONMENT AND DEFINED BY ENVIRONMENT

“...often it is not so much the kind of person a man is as the kind of situation in

which he finds himself that determines how he will act." — Stanley Milgram

Nature versus nurture. Non-heritable versus heritable. Environmental
impact versus germline encoded behavior. Environment, defined as the
circumstances, objects, or conditions by which one is surrounded, is a significant
factor in how we experience and perceive the world (Meriam-Webster). Host
physiology is strongly shaped by the environment and non-heritable factors.
Specifically, here, a focus will be placed on how the immune system responds
after accumulation of lifelong environmental pressures and the consequences, as
measured here, of these experiences. The purpose of this dissertation is to
present data from studies that have interrogated the immunological
consequences of nutritional and infectious challenges on lifelong immunity. This
chapter will briefly introduce the current understanding of what environment
means and how it interfaces with host immunity.

One of the most powerful and informative ways to study natural influences
on immunological responses is an observation of monozygotic (MZ) twins. Twin
studies have been of great academic interest for centuries, occupying the minds
of the ancient philosopher Hippocrates of Kos and Saint Augustine [1]. However,
Francis Galton is credited as being the first to suggest systematically studying
twins to delineate the impacts of genetics (nature) versus external influences

(nurture) [2]. Galton said of twins “that their history affords means of
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distinguishing between the effects of tendencies received at birth, and of those
that were imposed by the circumstances of their after lives.” Nearly 150 years
later, it is greatly appreciated that environmental pressure exerts tremendous
power over the formation and maintenance of host immunity and other aspects of
biology. This point is highlighted by a MZ twin study that analyzed 105 pairs of
MZ twins for >100 immune parameters, including leukocyte cytokine production,
circulating serum protein levels, and immune cell population frequencies [3]. Of
these factors 77% were partially determined by non-heritable influences (> 50%
of variance explained by environment) and 58% were significantly changed by a
single herpesvirus, cytomegalovirus (CMV), (>80% of variance) [4], that is also a
topic of this dissertation. Alternatively, to MZ twin studies are analyses of
genetically similar populations such as the German American Hutterite and
Amish communities. These studies provide evidence supporting the strength of
environmental exposures on immune function. One particular study
demonstrated that the development of innate immunity and risk of asthma
depends on environmental exposure determined by disparate agricultural
technologies and living conditions (due to antigen presence in dust) [5,6]. When
taken together these data suggest that phenotypic variation in immune function is
only partially explained by genetics, at both the identical twin and homogenous
population levels, and antigenic experiences (such as environmental dust and
pathogenic infections) more powerfully influence immune cell proportions and

functions than genetics.
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Limited ability to control the myriad variables in outbred humans still
necessitates the use of well controlled and designed experiments. Utilization of
animal models, therefore, remains necessary to interrogate specific
environmental pressures on phenotypes of the immune system. Such studies
have generated a large amount of of data on the environmental influences that
have the greatest impact on molding host immunity. Synergizing these results
into increasingly more complex experimental models is the next logical step in
understanding host immunity. To attempt to do this, let us discuss separate

effects of nutrition and of persistent infection on immunity.

Nutrition Interfacing with Environment

Nutrition is intimately connected to host immunity and immune
responses. A prime example of this the activation of T cells, which is a highly
metabolically coordinated event that necessitates an energetic switch from
oxidative phosphorylation (OXPHOS) to aerobic glycolysis [7]. This metabolic
switch sacrifices energetically efficient production of adenosine triphosphate
(ATP) during OXPHOS to increase the availability of molecular precursors used
in cellular proliferation and effector functions via aerobic glycolysis [8,9]. T cell
proliferation during aerobic glycolysis requires glucose and amino acids, two
dietarily derived substrates [10,11]. Several molecular transporters are involved
in the import and export of these cellular building blocks and include amino acid
transporters (such as CD98/LAT1; large neutral amino acid transporter, ASCT?2;

alanine-serine-cysteine transporter 2) as well as the family of glucose
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transporters (GLUT). Optimal function and expression of these molecules is
crucial for cellular health. Overexpression of GLUT1 on CD4 T cells results in an
increased number of memory and naive T cells and T cell specific deletion
results in poor cellular activation, clonal expansion, and survival [12]. Loss of
CD98 prevents optimal proliferation and differentiation of CD4 and CD8 T cells
during an immune challenge [13]. In addition to this lost proliferative capacity,
inability to import neutral amino acids promotes the development of regulatory T
cells and dampens inflammatory responses, potentially mitigating autoimmunity
but at the expense of vulnerability to infection [14].

It is obvious that at the cellular level access to fuel drives host processes.
Host level interventions have been investigated to alter such functions. CR and
certain dietary restriction (DR) studies are examples of such attempts. These
methods have been the most robust treatment in increasing host longevity and
health span across multiple model organisms [15,16]. Studies have revealed
several evolutionarily conserved pathways related to longevity including insulin
and insulin-like growth factor (IGF) signaling pathways, amino acid signaling,
target of rapamycin (TOR) S6 kinase pathways, and glucose signaling pathways
such as the Ras-protein kinase A (PKA) pathway [17-19]. Although these
pathways are conserved, they have functionally different consequences at the
individual cellular level. Therefore, an understanding of differing dietary strategies
and their consequences is necessary before adoption and recommendation of
these interventions. This has resulted in the proliferation of strategies of DR and

CR. Such strategies include short-term starvation, periodic fasting, diets that
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mimic fasting, intermittent fasting or time-restricted fasting, macromolecule
restriction (including protein, carbohydrate, or fat restrictions). The strategy
highlighted here, for purposes of this dissertation (Chapter 5), is CR in the
absence of malnutrition, referring to a 40% decrease in calories consumed below
the total daily energy expenditure (TDEE).

Interpreting the results of CR studies, however, is increasingly complex.
CR results in lifespan extension across multiple model organisms, and while we
understand some molecular underpinnings underlying its effects (e.g. mTOR
inhibition [15], sirtuin activation [20] and an increase in autophagy [21]), the
totality of CR effects is pleiotropic and remain difficult to dissect. Prevention and
delayed onset of age-related diseases suggest that the immune system may
contribute to extended health span and has been interrogated utilizing, among
others, rodent models. For example, lifelong adherence to CR in B6BAT6 F1
mice slows the age related accumulation of memory T cells in the blood and
spleen [22] suggesting extension of the health span is, in part, improved potential
to defend against pathogens. Additionally, the proliferative capacity of T cells
following antigen stimulation is, likewise, maintained in old C57BL/6 mice [23].
However, the benefits of CR are not universal. Lifelong CR diet in the C57BL/6
mouse results in increased median and mean lifespans, decreased
autoimmunity, and cancer incidences in both male and females [24,25].
However, this pro-longevity effect is not present in DBA/2 [26] or wild-derived
laboratory bred mice [27]. These data suggest that although there are conserved

pathways involved in response to CR, as described above, there are genetic
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effects that alter their potential benefits. In the higher animal species, non-human
primates (monkey) and humans, there are also demonstrated benefits of CR.
Early monkey studies suggested that CR increased lifespan of rhesus macaques,
how this experiment was done with a small number of CR monkeys and only in
males [28]. Additional studies have demonstrated that the age at which CR
initiates is of supreme importance, specifically in the non-human primates where
CR begun in old age had no effect, and may have been detrimental [29]. Finally,
humans that prescribe to a low-calorie lifestyle and those enrolled in clinical trials
have demonstrated net benefits CR, including improved cardiovascular health,
decreased cancer incidences, lower body fat, and low prevalence of circulating
inflammatory markers [30]. However, care must be taken when interpreting these
results as those who adhere to a CR diet potentially participate in other healthy
lifestyle choices.

Recent studies have highlighted this need for care and suggest that the
context in which an animal or individual reside is just as important as the quantity
or quality of calories consumed [31]. This point is well made when interpreting
the somewhat conflicting results of two major rhesus macaque CR studies. The
National Institute of Aging (NIA) conducted a 23 yearlong study and [32] did not
demonstrate any significant increase in longevity, although there were results
suggesting improvement in health span, such as a decrease in plasma
concentrations of triglycerides in male monkeys, suggesting improved liver and
glucose homeostasis. Conversely, a similar study carried out at the University of

Wisconsin reported increased lifespan and reduced all-cause mortality [16,33].
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Although neither of these studies directly measured immune function, both
groups demonstrated a slight decrease in the prevalence of cancer incidences.
Why were these factors that resulted in these studies different results?
Nutritional and other factors have been invoked to explain these differing results.
Limiting rhesus macaque access to food during specific times of the day or
allowing unrestricted, ad libitum (AL) intake, the nutritional make-up of each diet,
previous study enrollments, genetic backgrounds of both cohorts, and housing
conditions (free-roaming or in specific-pathogen free style cages) have all been
suggested to be the main driver for the results. Whatever the ultimate cause of
the differences between these two studies, the accumulation of multiple
environmental variables potentially had a dramatic effect on the presentation of
specific phenotypes. Analysis of the dietary makeup of the two studies,
suggested that varying caloric sources can drive differences as well. Studies that
have explored the effect of caloric sources [34—36], different diet modalities [37],
and alternative strategies of CR [38], all demonstrate that dietary intake can alter

host homeostasis and immunity at a global level.

Impact of the Microbial Environment on Immune Development

One point that was made clear in the CR rhesus macaque study was
that environmental effects outside of diet could potentially be responsible for the
results. Nutrition has direct effects on immune cells and effector molecules, but it
is also capable of altering the microbiome that resides on or within many, but not

all, host tissues of an organism. Previous studies have suggested that the
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microbial community outhumbers eukaryotic cells by a factor of 10 and represent
a genome larger than endogenous human genes by 100 to one [39,40].
However, newer estimates place the cellular ratio at 1:1 possibly lowering the
genetic ratio to 10 to one [41]. Regardless, microbiome still represent our ‘second
self.” In addition to the bacteria of the microbiome is the viral metagenome, which
can be incorporated in the host, infect host microbiota, or persist in the host in an
asymptomatic state [42,43]. Alteration of the host microbiota and viral
metagenome has broad ranging health consequences, from controlling the
manifestation of gastro-intestinal diseases, including Crohn’s disease and
ulcerative colitis, all the way to the gut-distal changes, including metabolic
dysfunction, autoimmunity, and neurological disturbances [44,45].

Another important impact of diverse microbial exposure has been
highlighted by a recent study regarding the exposure of specific-pathogen free
mice to wildtype, or ‘dirty,” mice [46]. Exposing genetically inbred animals to the
microbes of wild-caught mice resulted in dramatic alterations to the population
dynamics of immune cells in circulation and in tissues. This study showed that
specific-pathogen free mice mirrored the immune system, specifically T cell
subsets, of a human newborn whereas ‘dirty’ (wild-type polymicrobial flora-
exposed) mice exhibited an adult human-like immune profile. These types of
experiments are critically important as they will allow an interrogation of different
disease types and their therapies in the context of in the context of matured

microbiota and viral metagenome, typically seen in normal, microbially exposed,
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humans However, this further suggests that increasingly complex model systems
are required during the design and implementation of experiments.

Environmental pressures contribute to the maturation of the immune
system. Exposure to commensal bacteria and viruses, as well as to pathogenic
species, shape host immunity and mature leukocyte populations from infancy to
old age [47-49]. The development of strong and persisting immunological
memory is the desired outcome of such microbial exposures. It is a result of an
organized and appropriate response by the innate arm of the immune system
that then sequentially communicates with and contributes to the activation of the
adaptive immune system. This can result in lifelong protection against certain
infections. One major question related to this issue in the immunological field,
and of central importance to this dissertation, is how does lifelong experience of
repeated antigenic stimulation alter, if at all, systemic host functions (specifically
here host metabolism). Chronic and persistent infections, such as
cytomegalovirus (CMV), Epstein-Barr virus (EBV), Toxoplamsa gondii, and
Mycobacterium tuberculosis, profoundly influence immunity. These infections can
lead to continual antigenic stimulation of the immune system and have a broad
range of consequences. For some of these microbial pathogens, such as CMV,
this was, in part, hypothesized to be the driving force of decreased

immunological capacity and function in aged adults.
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CHAPTER 2. CYTOMEGALOVIRUS

"Can you ever "solve" disease, unemployment, war, or any other societal
herpes? Hell no. All you can hope for is to make them manageable enough to
allow people to get on with their lives. That's not cynicism, that's maturity.” — Max

Brooks

CMV infects much of the world’s population and has demonstrated
impacts on host development, and, , has several reported associations with or
direct effects on, health and immune function. CMV can alter the innate and
adaptive arms of host immunity in significant ways. For the purposes of this
thesis, the following characteristics of the virus are of critical importance : (i) the
virus encodes many different immune evasion molecules, allowing it to become
latent and persist in infected hosts for life; and (i) CMV drives a phenomenon in
both CD4 and CD8 T cells termed memory inflation, that was hypothesized to
negatively impact immune function in the elderly due to spatial and energetic
requirements to maintain a large pool of CMV-specific T cells. For these reasons,
the Nikolich-Zugich laboratory has long been working to bring about a
mechanistic understanding the impact CMV has on human health and immune
responses over the lifespan. Due to the hallmark ability of this virus to hide
(latency) and come out of hiding (reactivation) the holy grail of the field has been
to identify anatomical locations that could harbor latent virus during its
undetectable and persistent state. These questions led to the hypothesis driven

work that will be discussed later (Chapter 4).
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Accumulation of antigen specific T and B cells has been suggested as
‘pushing out’ and outcompeting naive cells that have yet to experience their
antigen and preventing an appropriate response to newly acquired infections
[50]. Furthermore, the organization of lymphoid organs, including the thymus and
lymph nodes, deteriorates with aging, thereby decreasing the number of
circulating naive T cells and increasing the demand for peripheral maintenance
of lymphocytes [51,52]. The additive accumulation of cell intrinsic defects and the
spatial and temporal dysregulation of innate and adaptive immune cells prevents
appropriate initiation of immune responses [53-55]. Chronic and persisting
pathogens have been theorized to contribute to these changes in both beneficial
and deleterious ways. CMV, for instance, has been described as both harmful
(overrepresentation of CMV-specific T cells) and helpful for adaptive immunity
(broadening of the immune repertoire to other infections [56] potentially due to
increased basal inflammation) [57]. For these reasons CMV infection across the

continuum of age is a primary focus of this dissertation.

CMV Ubiquity

CMV is an ubiquitous betaherpesvirus that is estimated to
asymptomatically infect 60 to 99% of the human population, depending on the
population sampled [58]. Through evolutionary history the CMV family members
have co-evolved with their vertebrate hosts, resulting in highly unique, and

species-specific CMV adaptations [59]. Due to this specificity, while the general
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structural regions of the double stranded (ds) of DNA viral genome are
conserved, each species specific virus diverges by minor differences in entry,
evasion, and persistence strategies [60]. Here highlighted are aspects of CMV
biology, related to basic genome structure and lifecycle, cellular tropism, and
known consequences of infection. When relevant, examples of species-specific
features of CMV will be denoted, to include viruses specific to rhesus macaques
(rhCMV), guinea pig (gpCMV), mouse (MCMV), rat (rCMV), and humans

(HCMV).

Basic Structure and Replication Cycle

CMV consists of a linear dsDNA genome that is protected by a viral capsid
surrounded by tegument proteins. This is encompassed by a membrane
envelope that is enriched with structural viral glycoproteinsgB, gH, gL, gM, gN,
and gO [61,62]. These glycoproteins are utilized during cell entry. Different
combinations of these surface molecules confer CMV with a wide cellular tropism
[63,64].

CMV spreads through bodily fluids such as saliva, breast milk, blood, and
urine [65—-67]. It is hypothesized that this is the reason for the disparity in number
of seropositive individuals between developed and developing countries, where
higher childhood and population density and hygiene practices are believed to
contribute to increased percentage of infection in the latter. Following cellular
attachment mediated by glycoproteins, gB and gH drive membrane fusion, of the

viral envelope with cellular membrane, resulting viral entry into the cellular
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cytosol [68] although alternative cell-dependent routes have been also described
[69],. CMVs co-opt the host microtubule machinery and free capsids traffic to the
nucleus where viral genome is uncoated, circularized, and viral replication begins
[70,71].

Hallmark of herpesvirus family is the ability to maintain viral genome in a
latent state. Initial lytic CMV infection is followed by this latent and persistent
phase in which virus no longer productively replicates but lays dormant in certain
cellular and tissue locations. During this time viral genome is not incorporated in
host genome and is maintained at low copy humber as a plasmid utilizing host
histones [72,73]. In the case of HCMV, it is well established that hematopoietic
progenitor cells of the bone marrow can serve as a reservoir for latent virus
[74,75]. In the case of mMCMV, latency follows a canonical spread and contraction
[76,77]. Shortly after acute infection mCMYV is detectable throughout the body,
however as time passes both HCMV and mCMV localize to the lungs and
salivary glands, although several other tissues harbor detectable virus [77-79]. In
the salivary gland tissue, virus can be detected within the glandular epithelial
cells, which secrete saliva into the salivary duct, thus providing a potential
avenue for virus to spread.In both the case of HCMV and mCMV reactivation of
virus has been demonstrated using ex vivo tissue explant cultures and in immune
suppressed patients during tissue transplantation leading to full viral
dissemination and CMV disease [80,81]. This observation suggests that during
the viral lifecycle of silencing and latency, the immune system plays an active

role in patrolling the sites of viral residency.
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Early Immune Response and Viral Evasion

The CMVs have evolved unique strategies for immune evasion during co-
evolution with the infected host. Control of CMV is a delicate balance between
host immunity and viral programming that push and pull the virus into various
states of activation and latency [82,83]. CMV evades both innate and adaptive
immunity by preventing antigenic recognition by leukocytes and altering the
cytokine environment of infected cell to alter inflammation. Control of CMV
infection is largely mediated by the lymphocytes (Natural Killer (NK) cells, CD4,
and CD8 T cells) after initial responses that involve monocytes and
macrophages.

NK cells, as a constituent of the innate immune system, provide the host a
method of rapid identification of non-self-molecules and subsequent elimination
of cells without the need for previous antigenic education. Early studies in mice
lacking functional NK cells, either genetically or antibody depleted, revealed their
necessity for mCMV control [84-86]. which is supported by clinical data from
NK cell deficient HCMV infected patients [87]. Activation of NK cells, in general,
occurs via “missing self” or environmental activation pathways. “Missing self’
activation occurs when the inhibitory signaling mediated by major
histocompatibility molecule (MHC) class | is overcome by activation ligands [88].
This results in the activation of NK cell cytotoxic function and subsequent release
of cytokines. CMV expression of a faux MHC molecule, m144, is believed to

inhibit activation of NK cells by preventing missing self activation, but the
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definitive mechanism of action has not yet been characterized [89]. Expression of
the inhibitory Ly49 family of receptors prevents activation of NK cells. Indeed,
mCMV encoded genes in the m157 locus produce a protein that interacts with
the Ly49H receptor (expressed in C57BL/6 but not BALB/c, mice) and this
interaction activates NK cells, leading to lysis of infected cells [90-92]. During
infection and stress the direct activation of NK cells is mediated through NKG2D
receptor, which recognizes DAP signaling molecules, and the NCR1 (NKp46)
receptors, for which the activation mechanism is still unclear [93-95]. mCMV
encodes four gene products (m138, m145, m152, and m155) that inhibit NK cells
through the NKG2D receptor [96].

Monocytes are also crucial to early inflammatory responses during
infection and during normal tissue homeostasis. During inflammation monocytes
are mobilized to sites of challenge or injury where they contribute to inflammation
through the production of tumor necrosis factor (TNF) a, nitric oxide, Interleukin
(IL)-1B, IL-10, and type | interferons depending upon the context of the insult
[97,98]. Monocytes extravasate into tissues through C-C chemokine receptor
type 2 (CCR2) and chemokine ligand 2 (CCL2) signaling and differentiate into
either monocyte derived dendritic cells and monocyte derived macrophages [99].
CMVs take advantage of these pathways through production of CC chemokine
homologs, resembling host CCL2, that act to recruit myeloid cells to initial sites of
infection to facilitate spread. mCMV mutants lacking the m131 locus are impaired

in their ability to disseminate throughout the host [100-102].
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HCMYV establishes latency and persistence in CD34+ monocyte
precursors cells and CD14+ patrolling monocytes [74,75,103]. Circulating
monocytes provide a logical target of infection to be used as a transportation
system for viral dissemination during homeostatic processes, however they
present a potential bottleneck given their short half-life. CMV has evolved
methods to circumvents this challenge to facilitate spread [104,105]. M45 is an
anti-necroptotic mCMV protein that interacts with receptor-interacting protein
(RIP) 1 and RIP3 via a RIP homotypic interaction motif and prevents cell death
[106]. The mCMV product M36, a homolog to HCMV UL36, inhibits apoptosis
through the caspase-8 pathway in macrophages and blocks programmed death
in vivo [107]. The mCMV viral product m41 also prevents cell-mediated apoptosis
by interfering with the Bcl-2 family of proteins, Bax and Bak, as demonstrated in
studies using Bak” and m41 deficient mutant viruses [108]. Thereby, the CMVs
extend the lifespan of patrolling and infected monocytes in order to have optimal
time to replicate the early viral machinery leading to spread and release of viral
progeny following maturation of monocytes to macrophages and myeloid

dendritic cells after entry into tissues [109-111].

T Cell Responses and Memory Inflation

As a cellular arm of the adaptive immune system, T cells, are required for
optimal control of CMV [112]. T cells recognize processed peptides derived from
exogenous and endogenous proteins in the context of MHC molecules on the

surfaces of infected or professional antigen presenting cells (APCs) with CD8
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and CD4 T cells being restricted to MHC class | and MHC class Il respectively.
Each class of T cell exhibit unique T cell receptors (TCR) to recognize specific
CMV peptide sequences. Recognition of a T cell’s cognate peptide sequence in
the context of MHC molecules, in combination with co-stimulation and cytokine
cues, results in proliferation and effector functions. Expansion of effector T cells
is canonically followed by a contraction to a memory population. However, this
generalized understanding of T cells is subverted by CMV which results in the

manifestation of unique CMV-specific T cell phenotypes.

CDS8 T cells

The advent of MHCI tetramer technologies has allowed for high resolution
interrogation of the T cell response against CMV [113]. Studies have also utilized
overlapping peptide stimulation assays to determine the breadth of the CMV
response in mouse and man revealing an enormously broad response in
comparison to other viral adaptive immune responses [114,115]. These studies
revealed the phenotypic complexity, but also unexpectedly high frequency, of
CMV-specific memory T cell response, particularly in the CD8 lineage.
Additionally, they have unveiled two different modes by which CMV stimulates
CD8 T cells during infection (canonical/non-inflationary subsets vs. non-
canonical/inflationary subsets) [116,117].

CD8 T cell responses against human CMV IE1 peptides, restricted by

HLA-A2 and HLA-B7 can make up between 5 to 10% of all blood circulating CD8
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T cells and upwards of 30% of all CD8 T cells can be specific for all CMV derived
peptide in a healthy adult [113,118]. The magnitude of this response is
hypothesized to be a consequence of co-evolution between virus and host and
potentially a compensatory mechanism in response to CMV antagonism of T cell
responses that interferes with peptide processing and presentation/pMHC
complex expression. HCMV and mCMV possess multiple methods of altering
presentation of MHC class | at the surface of infected cells to prevent recognition
by CD8 T cells. The gene product US2 from HCMV results in the
retrotranslocation of MHC class | into the cytosol whereby the complex is
degraded by the proteasome, thus preventing antigen presentation. Furthermore,
US6 prevents loading of peptides onto MHC molecules by antagonizing the
transporter associated with antigen processing (TAP). Alternatively, mCMV
protein m04 forms a complex with the MHC class | molecule in the endoplasmic
reticulum and at the cell surface preventing trafficking and the mechanical
association with TCR, thereby preventing T cell activation. The m06 protein
subverts host cell machinery and redirects MHC molecules into the lysosome for
degradation. These immune evasion mechanisms help the virus evade CD8 T
cell-mediated elimination.

In addition to the significant overrepresentation of CMV specific cells the
CMV-specific CD8 T cell compartment is phenotypically unique. CMV-specific
CD8 T cells largely possess an effector memory phenotype, lacking lymph node-
homing markers such as CD62L and CCR7 in mouse and man respectively

[113,119]. This consequentially allows the circulation of CMV-specific T cells
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through the blood and into the tissues, specifically into the lung and liver in both
mouse and human infections [120,121]. These cells are phenotypically mature
but show very little signs of cellular exhaustion (low PD-1 expression), likely
because they are driven by sustained low presence of antigen [122] and not by a
massive stimulation with constant and enormous number of antigens found in
uncontrolled chronic infections such as HIV and HCV [113]. Following canonical
resolution of primary infection, many primary T effector cells are eliminated, just
as in the acute infection. However, unlike in the acute infections, the persisting
low antigen burden will drive a phenomenon known as memory inflation.

Indeed, ‘one of the most obvious immunological consequences described
during CMV infection is the expansion of antigen specific memory T cells with
time, which was first described by Reddehase and colleagues [123], named by
Klenerman “memory inflation” and since expanded upon by others
[114,117,124,125]. Total HCMV-specific T cell responses in seropositive humans
can be enormous, comprising on average 10% of both the CD4 and CD8
memory compartments in blood, and reaching up to 50% in certain individuals
[126]. This increase in CMV specific memory T cells leads to an increase in
overall number of circulating memory T cells with age, which does not occur in
the absence of CMV infection [127].

At the most basic level memory inflation in response to CMV infection

occurs as follows; initial lytic systemic viremia occurs over a period of two to four

! This section is an adapted version from “Impact(s) of CMV upon immune aging: facts
and fiction. Jergovic et al. 2019.”



35

days followed by a significant expansion of CMV specific T cells. Following initial
rounds of replication, the viral load is systemically reduced and viral replication
restrained by multiple lymphocyte subpopulations such as NK cell, CD8 and CD4
T cells [128] as CMV contracts to defined anatomical locations in mouse and
man. Early mouse studies showed virus localizing to the salivary gland and lungs
upon resolution of primary infection [129] although later studies detected CMV
genomes in spleen, bone marrow and blood of seropositive humans [77].

The cellular reservoirs of latency following initial phase of viremia have
been demonstrated within multiple cell lineages but are believed to involve few
cells of any type. These cells include CD34+ hematopoietic cell precursors
[103,130], the CD14+ monocyte population, vascular endothelial cells and
epithelial cells [131].

After initial infection and subsequent contraction of canonical effector T
cells, memory inflation continues and is as follows; CD8 T cells possessing a
central memory phenotype (CD44hi, CD62Lhi) traffic through the vasculature in
search of cognate antigen. Upon recognition of antigen cells traffic through the
vasculature and enter, what are presumed to be infected, tissues and are
maintained with expression of CD69, to antagonize S1P1 receptor, and tissue
specific markers such as CD103e [132]. Locations where this tissue residency of
CMV specific T cells occurs have been described in the spleen and lungs of
humans [133,134], as well as the salivary gland [67,76,115], lungs [77], liver

[135], and most recently in our hands in the adipose tissue (Chapter 4) of mice.
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CMYV infection elicits a broad array of T cell responses, both
phenotypically and in antigen specificity. During acute infection in the C57BL/6
mouse model it was very clearly shown that 18 epitopes elicited a response for
greater than 50% of CD8 T cell splenocytes [136]. The diversity seen in this
response is somewhat maintained in the inflationary phase of T cell responses
with splenocytes responding against 5 of 19 peptide pools [114]. Canonical, or
non-inflationary, CD8 T cells responding to CMV peptides dominantly exhibit a
central memory phenotype, being CD62L+CD44+CD127+CD28+, as briefly
described above. By contrast, the non-canonical, or inflationary CD8 T cells
possess an effector memory phenotype being CD62-CD44+KLRG1+CD28- as
reviewed in [137]. These phenotypes speak to the nature of these cells and their
anatomical location, loss of CD62L expression confers the ability of T cells to
enter peripheral tissues and leave lymphoid organs. In human infection
phenotypic differences are also seen in CMV specific T cells, especially in that of
aged adults. Analogous markers are seen on human CD8 cells bearing a CD28-
CCR7-IL7R- phenotype. However, human inflationary T cells can re-express
CD45RA [138] which is not expressed in mice. HCMV specific CD8 T cells in
humans recognize a variety of epitopes and display effector responses to the
products of 11 HCMV open reading frames (ORFs) irrespective of the age of the

donor [139].
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CDA4 T cells

Although there is an obvious temporal hierarchy of dependence on
lymphocyte subsets during control of mMCMV (NK cells > CD8 T cell > CD4 T
cells), [128] each T cell subset is important for a different aspect of immune
surveillance and control. CD4 T cells, similarly to the CD8 T cell compartment,
can make up to 9% of blood circulating CMV-specific T cells [126]. Although,
CDA4 T cells do not, in general, demonstrate peptide-restricted memory inflation
to the extent that their CD8 counterparts do, CMV is the only known microbial
pathogen that significantly expands the total CD4 effector memory cell population
[140]. Furthermore, CD4 T cells specific to m09 derived peptides in the C57BL/6
mouse model display non-canonical kinetics in expansion and contraction after
early infection [115]. These observations raise the question, why are CD4 and
CD8 T cell responses different? One hypothesis is the temporal regulation of
mCMV viral protein expression does not result in sufficient MHC class Il peptide
loading [141]. Also, maintenance of mCMV genomes in non-hematopoietic cells,
as discussed above, may prevent the expression of viral peptide on MHC class Il
molecules and be lysed by CD8 T cells prior to CD4 recognition. This may
explain why there have been very limited strategies describing CMV evasion of
CDA4 T cell specific immune surveillance. Two studies suggested that HCMV
alters expression of MHC class Il molecules at the surface of infected cells and
APCs by inhibiting the JAK/STAT signaling pathway and repressing the
activation of the class Il transactivator (CIITA) [142,143]. However, it is possible

that the alteration of the cytokine milieu that T cells experience during acute and
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chronic phases may be the only strategy required by HCMV to subvert CD4 T
cell responses as HCMV late proteins drive the activation of IL-10 producing CD4
T cells, resulting in limited inflammation [144]. Although the mechanism is still
unclear, this strategy may have evolved as a type of “cease-fire” to prevent viral
spread during inflammation, as utilized by the virus, and prevent autoimmune
damage to the host.

Despite a lack of massive expansion during the memory phase of mCMV
or CMV infection CD4 T cells still play a crucial role for driving virus into the latent
phase. Mice that lack CD4 T cells, through antibody depletion or genetic
knockouts, have delayed viral control which manifests as continued shedding in
the salivary gland and higher frequencies of viral reactivation, which is
hypothesized to be partially dependent upon CD4 T cell help [145,146]. CD4 T
cells are absolutely required to control virus within the salivary gland through
production of IFNy and are dependent upon cognate antigen as opposed to CD8

T cells that are dependent upon production of TGF-3 [76].

CMV in Summary

Both host and virus have accumulated numerous tools during millennia of
co-evolution. This has resulted in a balance of inflammation and very limited
disease manifestation during CMV infection in immunocompetent hosts [113].
The human, and mouse, immune systems dedicate an enormous amount of

energy to maintaining homeostatic balance in the face of lifelong and chronic
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CMV infection. In summary, CMV dissemination into a new host is characterized
by Iytic replication in many cells and very specifically the monocytes and
endothelial cells. Patrolling monocytes enter tissues and release virus following
maturation into macrophages or dendritic cells. Contraction of viral load following
lytic replication is, in part, driven by activation of the innate immune system. NK
cells do much of the heavy lifting in the early time points post infection and lyse
infected cells when possible. CMV has evolved many strategies to antagonize
and prevent NK cell mediated lysis. Balance is brought to the system when the
adaptive immune system expands to kill infected cells. CD4 and CD8 T cells are
required in non-redundant ways for optimal control of CMV. Temporal control of
viral products is hypothesized to drive memory inflation in the CD8 T cell
compartment that results in effector memory populations trafficking through the
blood and into tissues as tissue resident memory T cells. During the lifespan,
CMV can reactivate in response to environmental stressors, such as infection
with additional pathogens, elevated stress, radiation, and immune deficiency.
Studying CMV’s interplay with the innate and adaptive immune system
has revealed many biological mechanisms and given a deeper understanding of
basic immunity. However, several questions remain: what are the definitive
locations of CMV persistence? Are all tissues treated equally during immune
defense and chronic surveillance? What are the consequences, if any, of
continued inflammatory responses in different tissue locations? Very specifically
these questions are addressed here in the context of adipose tissue due to the

theoretical susceptibility to CMV.
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CHAPTER 3: ADIPOSE TISSUE

"Because I'm fat, I'm fat, come on..." — Alfred Matthew Yankovic

Adipose Tissue Basics

Adipose tissue is an all-encompassing description of the heterogenous
tissue that consists of adipocytes and many other supportive cell types that make
up the stromal vascular fraction (SVF) [147,148]. Adipocytes are morphologically
large oval shaped cells containing large lipid droplets resulting in the peripheral
displacement of their nuclei. These cells are crucially important to the metabolic
function and health of their host organism [149,150]. Depending on the primary
adipocyte type found in the adipose depot they are responsible for different
biological functions. At a very basic level, adipocytes found in white adipose
tissue (WAT) provide energy storage and molecular signaling. Alternatively
brown adipocyte tissue (BAT), made up of brown or beige adipocytes, support
thermogenesis, primarily for hibernating animals [151]. Adipocytes are sensitive
to the metabolic requirements of their host. During periods of starvation
adipocytes are broken down to prevent to breakdown of other cells, such as
muscle tissue [152]. Conversely, during times of excess caloric intake they take
up lipid to be stored for later use. When the homeostatic balance of energy
storage and utilization is altered, such as during the onset of obesity, significant
consequences occur adipocytes undergo altered secretory activity, cell death

and necrosis, and generalized inflammation [153].
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Adipose tissue is highly vascularized. This high level of vascularization
allows for the mobilization of leukocytes in and out of adipose during tissue
reorganization and maintenance. This contributes to the rapid phenotypic
switches that adipose tissue undergoes during starvation, excess caloric intake,
and inflammation. Early histological studies suggested that there was limited
blood exchange within adipose tissue based upon the morphological appearance
of adipocytes and surrounding tissue. However, thick sections revealed an
extensive network of capillaries in intimate contact with adipocytes and serve as
the foundation for adipose tissue development [154]. In general, WAT is
organized on a branching system of vasculature that is lined by mesenchymal
stem cells, adipocyte progenitors, and other perivascular cells [155,156]. Pre-
adipocytes and other progenitor cells differentiate away from the vasculature
further into the adipose tissue, essentially creating a conveyor belt like system of
differentiation. Adipose tissue is highly dynamic and responsive to systemic
changes. For example, increased dietary intake in the absence of offsetting
caloric expenditure results in hypertrophy and hyperplasia of adipocytes via a
signaling cascade from the vasculature and surrounding cells [157,158]. The
balance of these processes and subsequent cardiovascular angiogenesis,
molecular signaling, and number and size of adipocytes within fat depots,
specifically of WAT depots, are of crucial importance to host health [159].

Altered homeostasis of adipocytes can result in elevated blood pressure,
increased lipid uptake, dysfunctional glucose homeostasis, local and systemic

inflammation, and atherosclerotic plaque development [160]. These outcomes
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are dependent upon adipocyte derived cytokines, the adipokines. In addition to
adipokines, adipocytes also make other cytokines, including IL-6, TNFa, and
CCL2 that have far reaching consequences during leukocyte mediated

inflammation [160-162].

Adipokines

Two of the best understood adipokines, which are almost exclusively
produced by adipocytes, are leptin and adiponectin. These adipokines have
opposing actions and their secretion is altered by several environmental
influences, such as the development of obesity, infectious status, age, and

weight.

Adiponectin

Adiponectin is one of the most studied and well understood adipokines ; it
is sensed through Adiponectin Receptor 1 and 2 (AdiopR1 and AdiopR2) [163].
The adiponectin receptors are widely expressed within adipose tissue but are
also expressed on skeletal muscle (AdipoR1) and in the liver (AdiopR2).
Furthermore, both receptors have been found expressed in the brain,
demonstrating the systemic reach of adipose derived signaling molecules [164].
Expression of adiponectin influences insulin sensitivity of the host through these
tissues and thus links adipose tissue to systemic host function and health.

Expression of adiponectin is negatively correlated with adiposity and as such has
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been the focus of many studies that focus on obesity linked metabolic diseases
[165].

Adiponectin signaling in the brain modifies glucose metabolism by altering
glucose uptake, decreasing glucose production, altering satiety signaling and
locomotor functioning [166,167]. Signaling in skeletal muscle decreases systemic
triglycerides, which are thought to interfere with insulin signaling, and increase
expression of molecules involved in fatty-acid oxidation thus increasing sensitivity
to insulin action [168]. In addition, adiponectin acts through protein
phosphorylation activator receptor-a (PPAR) in both skeletal muscle and liver to
further decrease triglyceride content. Finally, adiponectin acts on the liver to
lower gluconeogenesis and contributes to insulin and glucose homeostasis [169].
Outside of metabolic consequences of adiponectin, it is also an anti-inflammatory
molecule. Adiponectin inhibits activation of macrophages through suppression of
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) pathway
and scavenger receptor expression, as well as upregulating expression of IL-10
[170]. Endothelial cells are affected by adiponectin through the cyclic AMP and
protein kinase A (CAMP/PKA) to reduce adherence molecules in the vasculature,
preventing leukocyte activation and extravasation, and reduce angiogenesis
through the regulation of endothelial nitric oxide synthase (eNOS) [171,172].

Altogether, the actions of adiponectin suppress systemic inflammation by
preventing the activation of macrophages and reducing the expression of
molecules that would trigger an inflammatory response. Furthermore, action on

the brain suggests that satiety signaling and alterations on nervous system
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signaling contribute to host metabolism. Finally, adiponectin can contribute to
increased insulin sensitivity through molecular expression and suppression in

both the liver and skeletal muscle.

Leptin

Leptin is the second of the two most well understood adipokines and has
actions that directly oppose adiponectin. One such example is the positive
correlation between leptin and adiposity [173]. The consequences of
dysfunctional leptin production and signaling have been very well described
through mouse models. Dysfunctional leptin gene expression, ob, has been
characterized through the ob/ob mouse model [174]. The ob/ob mouse arose due
to a spontaneous nonsense mutation in the leptin gene that results in rapid
weight gain, hyperglycemia, insulin insensitivity, and elevated plasma insulin
concentration [175,176]. In addition to the ob/ob mouse is the db/db mouse,
which arose due to a point mutation in the leptin receptor and manifests similar
phenotypes to its ob/ob counterpart. These mouse models have revealed the
importance of leptin in regulating body weight, adiposity, satiety, and general
metabolic health.

Leptin signaling is mediated through the leptin receptor (LepR) expressed
in the hypothalamus, on T cells, NK cells, neutrophils, and on vascular
endothelial cells [177,178]. Leptin signaling is propagated through the Janus
kinase (JAK) — signal transducer and transactivator (STAT), extracellular signal-

regulated kinase (ERK) — mitogen-activated protein kinases (MAPK), and insulin
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receptor substrate (IRS) — phosphoinositide 3-kinases (PI3K) pathways [179].
The JAK-STAT pathway appears to be the most important in the hypothalamus
and seems to regulate food intake and therefore body weight [180]. The PI3K
pathway contributes to the regulation of glucose metabolism and the MAPK
pathway regulates triglyceride accumulation in the liver and skeletal muscles
[181].

Leptin also plays an important role in the context of inflammation. The
molecular structure of leptin is homologous to the class | cytokine receptor
superfamily, which include IL-6 and granulocyte colony-stimulating factor (G-
CSF). This led to the hypothesis that leptin plays a role in activation of the
immune system. Indeed, leptin is a survival signal for neutrophils, mature NK
cells, and to the thymus for maintenance of immature T lymphocytes
[180,182,183]. Not surprisingly, leptin deficient mice show decreased ability of T
cells to secrete cytokines compared to wild type counterparts and this may
protect against autoimmunity in a CD4 helper T cell dependent manner [184].

Overall, leptin contributes to the regulation of glucose homeostasis, insulin
signaling, satiety signaling, and body weight regulation. Furthermore, the immune
system seems to be less able to carry out inflammatory processes when leptin or

leptin signaling is lost.
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Adipose Tissue Inflammation

Environmental pressures on adipose tissue contribute to the altered
secretion of adipokines. One of the most powerful external pressures on adipose
tissue is nutrition, as illustrated by the progression and establishment of obesity.
Studies on the consequences of obesity have revealed many key mechanisms,
such as cytokine and adipokine secretion described above, in which adipose
tissue is involved and disease states to which adipose tissue inflammation is
correlated, such as type 2 diabetes, hyperglycemia, and insulin resistance [185].

Obesity is one of the greatest public health risks that the world faces, with
greater than 1 in 3 people being obese or overweight in the developed world
[186]. Increased rates of overweight and obese patients has resulted in
significant medical and healthcare burden due to increased prevalence of
metabolic diseases [187]. Several diseases connected to dietary induced obesity,
such as type 2 diabetes mellitus, nonalcoholic fatty liver disease, cancer,
cardiovascular diseases, and cognitive decline, are all linked to chronic low-
grade inflammation [188—190]. Obesity occurs during a sustained positive energy
balance, more calories consumed than expended. This results in an increase in
the size and number of adipocytes to facilitate storage of excess lipids. Ultimately
an upper limit is reached, and adipocytes can no longer adequately expand,
resulting in an inflammatory trigger. Several mechanisms have been proposed as
being the definitive “Big Bang” event for adipose tissue inflammation, but the
precise cause is still unclear and is most likely a synergy of multiple mechanisms

[153].
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Expansion of adipocytes leads to decreased oxygen availability resulting
in hypoxic conditions. Hypoxia can result in cellular death triggering an immune
cascade. Dead or necrotic adipocytes are engulfed by F4/80+ leukocytes that
results in the formation of crown-like structures [191]. Infiltrating leukocytes,
primarily macrophages, recognize damage-associated molecular patterns
(DAMPSs) released from dying cells. This results in the activation of the immune
system through the NOD-like receptor (NLR) family and subsequent release of
inflammatory IL-13 and IL-18 to mitigate and control local damage [192].

The immune cells present within adipose tissue during lean conditions is
generally anti-inflammatory but skews towards an inflammatory state during the
onset and progression of obesity. Under normal homeostatic conditions IL-33 is
secreted by endothelial and progenitor cells [193], which maintains the secretion
of IL-5 and IL-13 by type 2 innate lymphoid cells (ILCs) [194,195]. The secretion
of IL-5 and IL-13 activates eosinophils to produce IL-4 and subsequently
maintains macrophages in an M2-polarized state and promotes their production
of IL-10 [196]. However, during the progression of obesity a phenotypic change
occurs driving what was an anti-inflammatory T helper type 2 (Th2) environment
towards an inflammatory T helper type 1 (Th1) environment. Adipocytes
upregulate an NK cell activating receptor, NCR1, which results in the production
of IFNy triggering the polarization of macrophages towards an inflammatory M1
phenotype [197]. Although NK cells contribute to the polarization of macrophages
in adipose tissue, it appears that the adaptive immune system infiltrates adipose

prior to innate immune activation. B cells and T cells both infiltrate adipose tissue
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prior to a significant accumulation of macrophages, suggesting an alteration in
antigenic presentation [198,199].

That microbes can promote adipose tissue inflammation is suggested by
studies demonstrating that lipopolysaccharide (LPS) and endogenous lipids can
activate leukocyte subsets. Obesity increases gut permeability and results in
circulating LPS from the gut microbiota [200]. Adipocytes express the pattern-
recognition receptor (PRR) Toll-like receptor (TLR) 4, for which LPS is a ligand
[201]. This potentially links obesity-induced ‘leaky gut’ with adipose tissue
inflammation that is upstream from metabolic dysfunction. Furthermore,
endogenous saturated free fatty acids are able to trigger NF-kB mediated
inflammatory response through TLR2 and 4 [202,203]. This activation leads to
the production of CCL2 and the infiltration of macrophages into adipose tissue.
Coupled with a high density of lipid-specific CD1d-restricted T cells in C57BL/6
adipose, the connection between T cell activation and increased lipid density is
clear [204—-206]. However, not all lipid species are created equal. Indeed, certain
lipids have demonstrably anti-inflammatory properties, such as omega-3 and -9
fatty acids. These lipids are the potential mechanisms for the anti-inflammatory

properties of the Mediterranean diet (discussed in Chapter 1) [207,208].

Anti-Inflammatory Treatments for Metabolic Regulation

The definitive mechanism by which metabolic dysfunctions arise is
unknown. However, the clear correlation with adipose tissue inflammation and

these subsequent disease states is clear and attempts have been made to target
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adipose tissue inflammation as a therapy. Obese patients with adipose tissue
inflammation are statistically more likely to exhibit insulin resistance whereas
obese patients with little or no adipose inflammation remain insulin sensitive in a
macrophage dependent manner [209,210]. Targeting macrophage secreted
cytokines has provided mixed results. Anti-TNF antibody treatment has improved
glucose metabolism in some patients, but the effects have been limited in its
effect as a type 2 diabetes treatment [211,212]. Targeting IL-1B, however, has
been more successful in improving glucose metabolism in type 2 diabetes
patients, but this mechanism appears to work through the pancreas as opposed
to on adipose tissue inflammation directly [213]. Targeting nuclear factors of
adipocytes has also demonstrated success in mitigating adipose tissue
inflammation and subsequent metabolic dysfunction. Activation of peroxisome
proliferator-activated receptor y (PPAR-y), a nuclear transcription factor highly
expressed in adipose tissue, results in reduced plasma free fatty acids and
glucose concentrations, and consequent improved insulin sensitivity. The
antidiabetic drugs, thiazolidinediones (TZDs) specifically target this pathway and
result in increased secretion of adiponectin and reduced IL-6 and TNFa secretion
[214,215]. Finally, metformin, which can increase lifespan in mice [216], also acts
on adipose tissue inflammation by inhibiting the production of reactive oxygen
species and NF-kB signaling leading to a polarization of macrophages back
towards the anti-inflammatory M2 phenotype [217-219].

When taken together, these data suggest that adipose tissue inflammation

is linked with metabolic disease states. However, there does not appear to be
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one specific inflammatory pathway that can singularly explain the entirety of
altered host homeostasis. Furthermore, the interconnectedness between adipose
tissue inflammation and other metabolically relevant tissues, such as the
pancreas, liver, and skeletal muscle cannot be understated. Studies delineating
the impacts of each individual tissue suggest that dysfunctional metabolic health
is context dependent [220-222]. The definitive trigger(s) for metabolic disease

states, therefore, require more investigation.

Conclusion: Fat and Unhappy

Adipose tissue is highly responsive to environmental pressures.
Homeostatic health of adipose tissue involves a delicate balance of energy
intake, immune cell populations, and infectious status. As discussed above,
adipose tissue is awash with leukocyte subsets, inflammatory and anti-
inflammatory cytokines, and adipokines. Indeed, adipose tissue is a residence to
T cells, B cells, macrophages, dendritic cells, NK cells, among other cell types
[160,161,223,224] and therefore potentially highly responsive to their activation.
Depending upon the balance of signaling molecules and general health of the
host these leukocytes can carry out healthy homeostatic processes or can be the
driving force behind metabolic dysfunction and deteriorating host health. Several
pathogens have been shown to infect adipose tissue, and potentially cause
adipose tissue inflammation (HIV, Chagas Disease, Toxoplasma gondii) [225-
228] but the consequences of these infections have yet to be fully revealed.

Therefore, when these studies and observations are taken together, they



51

necessitate further investigation of the consequences of environmental pressures
on adipose tissue and potentially that of whole host health. Specifically, these
concerns are addressed in the following chapter in the context of lifelong

infection of MCMV.
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CHAPTER 4: LIFE-LONG CONTROL OF CYTOMEGALOVIRUS (CMV) BY T
RESIDENT MEMORY CELLS IN THE ADIPOSE TISSUE RESULTS IN

INFLAMMATION AND HYPERGLYCEMIA

“You can’t stop him; you can only hope to contain him.” — Dan Patrick

Abstract

Cytomegalovirus (CMV) is a ubiquitous herpesvirus infecting most of the
world’s population. CMV has been rigorously investigated for its impact on
lifelong immunity and potential complications arising from lifelong infection. A
rigorous adaptive immune response mounts during progression of CMV infection
from acute to latent states. CD8 T cells, in large part, drive this response and
have very clearly been demonstrated to take up residence in the salivary gland
and lungs of infected mice during latency. However, the role of tissue resident
CDS8 T cells as an ongoing defense mechanism against CMV has not been
studied in other anatomical locations. Therefore, we sought to identify additional
locations of anti-CMV T cell residency and the physiological consequences of
such a response.

Through RT-gPCR we found that mouse CMV (mMCMV) infected the
visceral adipose tissue and that this resulted in an expansion of leukocytes in
situ. We further found, through flow cytometry, that adipose tissue became
enriched in cytotoxic CD8 T cells that are specific for mCMV antigens from day 7

post infection through the lifespan of an infected animal (> 450 days post
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infection) and that carry markers of tissue residence. Furthermore, we found that
inflammatory cytokines are elevated alongside the expansion of CD8 T cells.
Finally, we show a correlation between the inflammatory state of adipose tissue
in response to mCMV infection and the development of hyperglycemia in mice.
Overall, this study identifies adipose tissue as a location of viral infection leading
to a sustained and lifelong adaptive immune response mediated by CD8 T cells
that correlates with hyperglycemia. These data potentially provide a mechanistic

link between metabolic syndrome and chronic infection.

Introduction

Cytomegalovirus (CMV) is a ubiquitous beta-herpesvirus that infects most
of the worldwide population, with largest prevalence being observed in older
adults [127,229-231]. Acute CMV infection is characterized by system-wide
viremia after which latency and lifelong persistence is established in select cells
such as CD34+ monocytes and hematopoietic progenitor cells in humans
[129,232,233]. Although CMV infections are generally asymptomatic, untreated
infections in utero or amongst the immunocompromised individuals can result in
substantial developmental defects, pathology, and death [232,234-236].
However, in immunocompetent patients the substantial and varied (NK, CD8,
CD4, and B cells) resources are mobilized to successfully control viral spread
and reactivation. One well described arm of anti-CMV immunity, the CD8 T cell
compartment, is heavily involved in viral control with up to 5-10% of total CD8s in

the blood and secondary lymphoid tissues reactive to CMV antigens during a
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primary immune response [114,237-239]. Moreover, in the course of lifelong
infection, cycles of latency and reactivation drive an expansion of CD8 T cells,
termed memory inflation (MI), that in some cases reaches up to 30-50% of the
total memory compartment in mice and men [119,240]. The magnitude of this
memory response is largely unparalleled in any other infection and for this
reason CMV has been used as a model to understand the effects of Ml during
immune aging [127,241-244].

Studies of CMV-driven MlI, viral dissemination, and persistence throughout
the host have largely focused on the spleen, liver, blood, lung, and salivary
glands [237,245-248]. It has become clear that the blood contains a major pool
of CMV-reactive T effector memory (Tem) cells that presumably scan the
vasculature as a bulwark against systemic CMV reactivation and that accumulate
with age [127,249]. Tissue control of CMV has been narrowly studied in the
context of the lungs and the salivary gland as these sites were shown to harbor
mCMV-specific resident non-circulating T cell populations in response to latent
virus. However, it remains unclear at this point whether tissue resident memory T
cells are universally used to control a persistent pathogen such as CMV in situ
and to what extent other tissue locations contribute to such a host defense and
potential viral latency.

We therefore considered potential locations for where CMV could
establish itself and hypothesized that adipose tissue, given several tissue specific
properties, could offer a plausible site for infection. Adipose tissue is found at a

variety of anatomical locations and consists of multiple cell types including
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adipocyte progenitors, leukocytes, and stromal cells, some of which have shown
susceptibility to mCMYV infection [147,148]. Furthermore, the adipose tissue of
mouse and man is home to a large proportion of both innate and adaptive
immune cells, suggesting that adipose tissue contributes to the mounting of an
effective immune response [159-161,224,250]. The immune system represented
within visceral adipose tissue has been clearly linked to development of diseases
of the metabolic syndrome in the context of obesity [160,161,223,224,251-254]
Given the reported linkage between lifelong CMV infection and metabolic
dysfunction in humans we reasoned that mCMV could potentially drive
inflammation within adipose tissue that contributes to these phenotypes
[244,255]. In further support of this hypothesis, adipocytes have been
demonstrated to be susceptible to adenovirus and parasitic infection, raising the
possibility that infection could drive insulin resistance and glucose intolerance
[256—-259]. Furthermore, adipose tissue of HIV/SIV infected humans/monkeys
harbored latent virus even after patients were declared virus free following
retroviral treatment, suggesting that adipose tissue can provide a safe haven to
viruses [260].

Lifelong herpesvirus infections have been studied for their contribution to
global host inflammation in the context of frailty and immune aging, but the
consequences of these infections on, and the control of infection within adipose
tissue have not been investigated. Given the susceptibility of individual cells
within adipose tissue to CMV infection we hypothesized that mCMV could infect

a cellular constituent of adipose tissue and therefore trigger in an inflammatory
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immune response in situ. We show here that mCMV infects adipose tissue during
early peak viremia, followed by infiltration by mCMV-specific CD8 T cells during
the acute phase post infection (p.i.). The adipose T cells were specific for mCMV
epitopes, with a large fraction of them possessing a Tem phenotype. The
presence of inflammatory monocytes was not necessary for the mCMV-specific
immune response in adipose tissue, suggesting direct viral spread to adipose
tissue during initial infection. mCMV infection and the resulting anti-mCMV CD8 T
cells were associated with persistent inflammation within the adipose tissue from
very early points during the immune response (days three to five) through the
lifespan of the infected host (greater than 450 days). Moreover, infected fat tissue
exhibited a decreased production of adiponectin. Finally, an analysis of lifelong-
infected animals revealed that the mCMV specific CD8 T cells were bona fide
Trm (CD69+) cells that exhibit limited exchange with the vasculature based on
intravenous staining. The presence of both mCMV and mCMV-specific non-
circulating resident CD8 T cells in the adipose tissue for life suggests that Trm
cells may be the primary mechanism by which the host controls mCMYV tissue
reservoirs and their association with inflammation suggest that this interaction

may alter metabolic health in infected animals.
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Results

mMCMYV Infects adipose tissue triggering in an early inflammatory immune

response

mMCMV was reported to infect cells in the adipose tissue [197,261,262], but the
local consequences of this infection in vivo have not been well characterized. We
first determined if adipose tissue was susceptible to mCMV infection by
comparing both RNA (Fig 1A) and DNA (Fig 1B) extracted from total adipose 3
days (d) post infection (p.i.) to uninfected counterparts, we also analyzed the
presence of viral genomes in several other tissues and visceral adipose tissue
had a two log higher burden at day 3, when compared to subcutaneous adipose,
liver, and spleen, likely due to route of infection (Fig. 1). Analysis of RNA
transcripts revealed the presence of immediate early (IE) viral gene products,
IEL, in infected but not uninfected animals (Fig. 2A). To determine if the presence
of mCMV transcript resulted in an immune response, we measured leukocyte
infiltration and found at 3d p.i. a significant increase in the global leukocyte
population, which was driven by lymphocytes, neutrophils, monocytes, and
eosinophils (as normalized per gram of adipose tissue, Fig. 2B). We further
characterized the cells participating in this early, 3d p.i., adipose response by
flow cytometry and found a significant expansion of NK cells (NK1.1+CD3-; Fig
3A) and an expansion, although not significant, in the macrophage population
(F4/80+CD11b+; Fig 3B). Polarization of macrophages to an inflammatory,

classically activated M1 phenotype (CD11c+) also trended higher
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Figure 1. mCMV DNA genome is detectable across tissues from d3 and d7 p.i.

12-week-old C57BL/6J mice were infected with 10° pfu of mCMV by the i.p. route and sacrificed
at 3d and 7d p.i.. Tissues were snap frozen in Qiazol then DNA and RNA extracted. (A) Total
mCMV RNA burden in visceral adipose, spleen, and livers at 3d p.i. (B) Total mCMV DNA burden
in subcutaneous adipose, visceral adipose, spleens, and liver was normalized to B-actin.
Uninfected animals were used to establish Ct cut off at 32. Technical duplicates were run for both
RNA and DNA. Data is representative of three independent experiments. n = 3 to 6 total animals
per group. Kruskal-Wallis with Dunn’s multiple comparisons. Error bars represent mean + SEM.
*p <0.05; **p<0.01; ***p < 0.001; **** p < 0.0001

(Fig 3C). We next examined the cytokine content of total adipose tissue
homogenate using a flow cytometry-based LegendPlex platform and found
significant increases in IFNy (p=0.004), TNFa (p=0.001), IL-1a (p=0.0007), IL-6

(p<0.0001), and CCL2 (p<0.0001) (Fig. 2C-G) with infection in the adipose tissue
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Figure 2. mCMV infects adipose tissue and triggers an immune response.

12-week-old C57BL/6J mice were i.p. injected with 10° pfu of mCMV. (A) Adipose tissue was
collected three days post infection into QIAzol reagent and RNA extracted to detect viral gene
products IE1 in 50 ng of total RNA by RT-qPCR and normalized to plasmid. (B) Three days p.i.,
adipose tissue was processed by collagenase D digestion and stromal vascular fraction was
analyzed by hemocytometer. (C-G) Mice infected from three to five days post infection were
sacrificed and total adipose homogenized to analyze by BioLegend LegendPlex 13-plex
Inflammation Panel. Data are pooled results of two independent experiments. n = 10 uninfected
and 10 infected animals total. Error bars represent mean £ SEM. *p <0.05; **p < 0.01; ***p <
0.001; **** p £0.0001 by unpaired two-tailed Mann-Whitney U test.

on days 3 and 5 p.i. (days 3 and 5 are pooled in the figure). However, at this time
point we did not observe any significant changes in the amounts of GM-CSF,
IFNB, IL-1B, IL-12, IL-17A, IL-23, or IL-27. Therefore, during the early acute
timepoints of infection, we found evidence of virus transcription, cellular and

cytokine immune responses in the total adipose tissue.
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Figure 3. Adipose tissue NK cell and macrophage respond to early mCMV infection, but

not chronic and lifelong infection.

60

12-week-old C57BL/6J mice were infected with 10° pfu of mCMV by the i.p. route and sacrificed

at 3d, 7d and > 450d p.i. Stromal vascular fraction was analyzed by flow cytometry and cell

populations quantified (A) NK cells. (B) F480+CD11b+ Macrophages. (C) F480+CD11b+CD11c+

M1 Macrophages. (D) F480+CD11b+CD206+ M2 Macrophages. Data are pooled data of two

independent experiments. n =4 — 9 mice per group. Error bars represent mean + SEM. Lifelong

and aged matched control groups were analyzed by unpaired two-tailed Mann-Whitney U test.
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Control, 3 dpi, and 7 dpi were analyzed by Kruskal-Wallis with Dunn’s multiple comparisons.
*p<0.05; **p<0.01; **p < 0.001; **** p < 0.0001

mCMV-Specific CD8 T cells infiltrate adipose tissue during acute infection

Following infection, mCMV replicates systemically, leading to detectable
host viremia that is resolved within days of infection. It is possible that the
inflammation observed in the adipose at this early timepoint could resolve during
reduction of the viral load. On 7d p.i. we were able to detect mCMV viral products
(Fig. 1). Given this detection we wondered if there was a continued immune
response within adipose tissue. We therefore quantified inflammation during the
peak adaptive immune response at the same time, again by characterizing the
cellular content of the stromal vascular fraction (SVF). The global leukocyte
population of infected animals (Figure 4A, left) remained elevated, driven by
lymphocytes, neutrophils, monocytes, eosinophils, and basophils (Figure 4A,
right). Contributing to this expansion were NK cells which were still significantly
elevated (Fig 3A). Total macrophage population became significantly expanded
in infected adipose tissue at this time as well (Fig 3B). Approximately half of all
leukocytes detected in adipose tissue at this time were lymphocytes, and a
majority of these were CD3 T cells, with significant increases in both the CD4
and CD8 (p=0.0004) populations (Fig. 4B). Both the central memory
(CD44+CD62L+; p=0.012) and effector memory (CD44+CD62L-; p=0.004)
populations were significantly increased in infected animals, whereas, as
expected, there was no change in the total numbers of naive (CD44- CD62L+) T

cells (Fig. 4C). Amongst the memory subsets we found roughly equivalent
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numbers of memory-precursor effector cells (CD127+KLRG1-; MPECs;
p=0.0028) and short-lived effector cells (CD127-KLRG1+; SLECs; p=0.0004),
with both populations significantly increased in infected animals. We next asked
whether these T cells were specific for mCMV antigen or were accumulating due
to perhaps inflammatory stimulation in a non-specific manner. Peptide:MHC
(PMHC) tetramer staining revealed a significant expansion of T cells specific for
the acute, non-inflationary immunodominant epitope M45 (p=0.0004), with
smaller, but also highly significant expansion of CD8 T cells specific for
inflationary epitopes m38 (p=0.0004) and m139 (p=0.0004) (Fig. 4E). Given an
influx of antigen specific T cells we also tested whether the cytokine milieu was
still altered, and found, by LegendPlex, significant increases in the protein levels
of IFNy (Fig 5A; p=0.004) and CCL2 (Fig 5A; p=0.0005), but not of GM-CSF,
IFNB, IL-1q, IL-1B, IL-6, IL-10, IL-12, IL-17A, IL-23, IL-27, or TNFa. In addition to
these protein analyses we found several inflammatory transcripts that were
significantly upregulated at this time point, including Cd3e, Ifng, Cxcr3, Ccr5,

Caspl, and Adgrel, indicative of a myeloid and T lymphocyte infiltration (Fig. 6).



63

A 0 Uninfected W mCMV+
5x106 3x108
E 4x108
0]
5 2x106
S 3x108
c ek
3
o
Q
2 2x108
= 1x108
(%]
2
1%108 -
0 0 I—I-I I-}l = i | |

Leijkccytes Lymphocytes Neutrophils Monocytes Eosinophils Basophils

B C D
4x108 2x108, 4x10% s ohn
£ 3x100 5x105] 3%105
Q
5
o
S 2x108 %108 —— 2x105
[&]
2
=
& 1x108 5%105] 1105
<
0/ ol = - ‘ 04
CcD3 CD4 CD8 CM EM Naive MPECs SLECs
E A
1.5%108
-
a
=1
E
S
O 1x10 ¥
@
[=% ry
£
=1
Q
U HEk
£ 5x108
3 — BE 5
< ' A.‘ E | 1 \ 5
g i 0.06+ ] 0.59+ ¥ 1.43+
m3g+ M+ me+ O {005 p4 oel |4 et
m38:Kb+ M45:Db+ m139:Kb+

Figure 4. Adipose tissue is infiltrated by mCMV-specific T cells at 7d p.i..

12-week-old C57BL/6J mice were i.p. injected with 10% pfu of mMCMV and sacrificed on d7 p.i..
Stromal vascular fraction was analyzed by Drew Scientific HemaVet 950 and flow cytometry. (A)
Total leukocytes were quantified by hemocytometer. (B) Flow cytometry analysis was used to
quantify absolute numbers per gram of adipose tissue of CD3 T cells and subsetted into CD4 or
CD8 pools. (C) CD8 T cells were phenotyped based on expression of CD62L and CD44 and
guantified. (D) CD44+ CD8 T cells were analyzed for expression of KLRG1 and CD127 to
guantify number of MPECs and SLECs. (E) CD44+ CD8 T cells were analyzed for mCMV
specificity by tetramer staining. Data are pooled results of two independent experiments. n =9
total infected and 6 uninfected animals total. Frequencies shown in the dot plots represent SD.
Error bars represent mean + SEM. *p <0.05; **p <0.01; ***p < 0.001; **** p < 0.0001 by unpaired
two-tailed Mann-Whitney U test.
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Figure 5. Acute mCMYV infection alters adipose cytokine milieu.

12-week-old C57BL/6J mice were infected with 10°% pfu of mCMV by the i.p. route and sacrificed
at 7d p.i.. Total adipose tissue was homogenized and analyzed by BioLegend LegendPlex for (A)
IFNy; (B) CCL2. Data are pooled results of two independent experiments. n = 10 uninfected and
10 infected animals total. Error bars represent mean + SEM. *p <0.05; **p <0.01; ***p < 0.001;
**** n < 0.0001 by unpaired two-tailed Mann-Whitney U test.
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Figure 6. Inflammatory transcripts are upregulated at 7d p.i..

12-week-old C57BL/6J mice were infected with 10° pfu of mCMV by the i.p. route and sacrificed
at 7d p.i.. Transcriptome was analyzed using RT2 Insulin Resistance Miniarray Profiler and
presented as a volcano plot. All housekeeping genes were used for normalization. A total of 3
infected and 3 uninfected animals were used. A cut off of 35 cycles was set as undetectable per
manufacturer’s suggestions.

Adipose tissue inflammation has been demonstrated to alter adipocyte
derived cytokines, adipokines, during the onset and establishment of obesity
[150,263]. We therefore examined the production of two well described

adipokines, leptin and adiponectin. We found that adiponectin, which is
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decreased during inflammation-induced by obesity [166], was significantly
decreased in infected animals (Fig 7A; p=0.0186), whereas, we found no change
in the amount of leptin, which is positively correlated with body weight (Fig 7B)
[264]. No significant change in total leptin, however, comes as no surprise as we
saw no significant change in total epididymal fat pad or body weight during the
lifespan of infection (Fig. 8). These data suggest that inflammation driven by
infection and influx of immune cells can trigger a secretory response by
adipocytes. Taken all together, these data indicate that mCMYV infection results in

a CD8 T cell response detectable in adipose tissue at 7d p.i..
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Figure 7. Acute mCMYV infection alters adipose adipokine milieu

12-week-old C57BL/6J mice were infected with 10° pfu of mCMV by the i.p. route and sacrificed
at 7d p.i.. Total adipose tissue was homogenized and analyzed by ELISA for (A) Adiponectin; and
(B) Leptin. Data are pooled results of two independent experiments. n = 5 uninfected and 8
infected animals total. Error bars represent mean + SEM. *p <0.05; **p <0.01; ***p < 0.001; **** p
< 0.0001 by unpaired two-tailed Mann-Whitney U test.
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Figure 8. mCMV infection does not alter adipose tissue weight across lifespan or total
body weight during lifelong infection.

12-week-old C57BL/6J mice were infected with 10° pfu of mCMV by the i.p. route. At sacrifice
times as noted through the manuscript, adipose tissue was collected and analyzed. (A) Total
weight of epididymal fat pad at time of harvest. (B) Body weight of mice infected for greater than
450 days and their aged matched counterparts. Data is pooled from multiple experiments. n =5 —
35 total animals per group.

Adipose tissue accumulates CD8+ mCMV-specific CD8 T cells regardless of

the route of infection or the presence of CCR2+ cells

CCR2+ cells are believed to be the major carriers of mCMV, involved in
virus dissemination [265,266]. Moreover, intraperitoneal injection, used in our
experiments, may result in an indiscriminate and non-physiological distribution of
the virus, including to the epididymal adipose tissue. To assess whether the virus
exhibited true tropism for adipose tissue or perhaps infected the immunological
constituents of adipose tissue regardless of the route of infection, we infected
animals using 10° pfu of mMCMV via the footpad (f.p.) route of infection. We
considered two possibilities in which this receptor could be required 1) that CCR2
is required for homeostatic seeding of CCR2+ infected cells from the periphery
into the adipose tissue, resulting in “reinfection” of adipose; or 2) that CCR2+

patrolling cells are not required to maintain antigen and therefore the presence of
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T cells in situ. We also wondered whether CCR2+ cells were needed to spread
the virus during normal homeostatic seeding of adipose. To that effect, we
infected both C57BL/6 and CCR2"- mice [267] via the f.p. route. Surprisingly,
when we analyzed adipose tissue at days 3 and 7 p.i. of C57BL/6 and CCR2"
mice we were unable to detect viral product in either strain of mouse, perhaps
indicative of virus being below the limit of detection or unable to spread to
adipose tissue through this route. However, at 7d p.i. when we analyzed adipose
tissue by flow cytometry, we found a significant increase in CD3 T cell numbers
driven by a significant expansion of CD8 T cell in adipose of both wildtype and
CCR2”- mice (Fig 9A). Of interest, we saw a very limited expansion of central
memory CD8 T cells (CD62L+CD44+) in the adipose when infected through this
route in both wildtype and CCR2”- mice, while the significant expansion of
effector memory cells (CD62L-CD44+) was not diminished (Fig. 9B). When we
assayed tetramer specificity, we found a significant expansion in both acute,
M45, and inflationary, m139, epitopes (Fig 9C). Finally, we analyzed the MPEC
and SLEC populations and found that MPECs did not significantly expand
whereas SLECs did (Fig 9D). These results suggest that mCMV infection,
perhaps even at extremely low levels of viral burden, leads to the accumulation
of mCMV-specific T cells in the adipose tissue regardless of the route of infection
or in the presence of CCR2 (and, presumably, of CCR2+ cells). However, it
should be noted that memory precursors and central memory cells appear to be

insensitive to this route of infection (Fig 9B and Fig 9D).
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We then wished to determine if there was a requirement for CCR2 to
maintain viral-specific T cells within adipose tissue given the lack of central
memory and memory precursors through f.p. infection. We therefore infected as
before, via the footpad route, CCR2”- and quantified the mCMV-specific T cell in
adipose at an early memory timepoint post infection, greater than 30d p.i.. We
found an overall diminished T cell population within the adipose of infected
animals with no single T cell subset being significantly increased during infection
(Fig 9E). Just as in the 7d p.i. timepoint, we saw no significant expansion of
central memory CD8 T cells and found a trend of increase in the effector memory
pool (Fig 9F). However, even in the absence of this expansion of global T cell
populations, there was a significant increase in the mCMV M45- and m139-
specific subsets (Fig 9G) as well as an expansion of both MPECs and SLECs at
this time (Fig 9H).

Taken together, we conclude that the f.p. route of infection leads to
undetectable viral load in adipose tissue, which results in no expansion of central
memory and memory precursor CD8 T cells. Nonetheless, effector and short-
lived effector populations do expand, albeit to a lesser degree than i.p.. Finally,
tetramer specific T cells still arise and persist in adipose tissue regardless of the

absence of CCR2 and route of infection.
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Figure 9. CD8+ mCMV-specific CD8 T cells accumulate in adipose tissue regardless of the
route of infection or the presence of CCR2+ cells.

12-week-old C57BL/6J and CCR2"- mice were infected with 10> pfu of mMCMV via the footpad and
sacrificed at 7d p.i.. Stromal vascular fraction was analyzed by flow cytometry. (A — D) 7d p.i. (A)
Total number of T cells and subsetted into CD4 and D8 pools. (B) CD8 T cells were phenotyped

based on expression of CD62L and CD44 and quantified. (C) CD44+ CD8 T cells were analyzed
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for mCMV specificity by tetramer staining. (D) CD44+ CD8 T cells were analyzed for expression
of KLRG1 and CD127 to quantify number of MPECs and SLECs. (E — H) 30d + p.i. (E) Total
number of T cells and subsetted into CD4 and D8 pools. (F) CD8 T cells were phenotyped based
on expression of CD62L and CD44 and quantified. (G) CD44+ CD8 T cells were analyzed for
MCMV specificity by tetramer staining. (H) CD44+ CD8 T cells were analyzed for expression of
KLRG1 and CD127 to quantify number of MPECs and SLECs. Data are pooled results of two
independent experiments. (A — B) n = 5 uninfected, 10 C57BL/6J infected, 10 CCR2" infected
animals total. (E — H) n = 6 uninfected and n = 6 infected. Error bars represent mean = SEM.

*p <0.05; **p<0.01; **p < 0.001; *** p < 0.0001. 7d p.i. are tested by Kruskal-Wallis with Dunn’s
multiple comparisons and 30d+ p.i. by unpaired two-tailed Mann-Whitney U test.

Long-term persistence of tissue-resident mCMV-specific T cells and of

inflammation in the infected adipose tissue

To assess the impact of mMCMV infection in the adipose tissue over the
lifespan, we analyzed the fat pads of lifelong infected animals. During the lifelong
time points of infection (>450d p.i.) we were unable to detect mnCMV RNA. We
therefore looked at the maintenance of mMCMV genomes in the adipose tissue of
infected animals via gPCR. To get a better resolution on viral genome loads, we
initially compared CD45- non-hematopoietic and CD11b+CD45+ myeloid cell
pools after FACs sorting (Fig 10A). Since the CD45- fraction showed a trend
towards a higher mCMV genome burden (Fig. 10B), we focused on these cells in
subsequent kinetic analysis. mMCMV genomes persisted in the adipose CD45-
tissue at comparable levels from 90 to approximately 300+ days post infection,
suggesting a lifelong presence of the latent and/or reactivating virus in the
adipose tissue of infected animals (Fig. 10C). We next went on to characterize
the immunological response at these late time points. We found that total
leukocyte counts in the adipose tissue were no longer significantly elevated,
showing just a trend (Fig. 12A). However, there remained a significant increase

in CD3 T cells in infected animals (p=0.0407), which was entirely driven by a
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robust expansion of CD8 T cells (Fig. 12B; p=0.0011), with a dominant and
significant increase in Tem CD8 cells (Fig. 12C; p<0.0001), and a stronger
skewing towards SLECs (p<0.0001) over MPECs (p=0.0069) compared to the
acute (d7d p.i) infection (Fig. 12D). At this point NK cells and macrophage
populations in infected animals mirrored that of their aged-matched counterparts
(Fig. 3B), suggesting that perhaps viral control of mMCMV in adipose at these later

time points is more reliant upon T cells.
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Figure 10. mCMV genomes are detectible in CD45- and CD45+ adipose tissue cells at 240d
p.i..

8-week-old C57BL/6J female mice were i.p. injected with 108 pfu of bacterial artificial
chromosome—derived mCMV (pSM3fr-MCK-2 full-length and sacrificed at 90d or at greater than
240d p.i. Perigonadal adipose tissue stromal vascular fractions were isolated and stained with
antibodies and FACS-sorted into CD45- and CD45+CD11b+ subsets. (A) FAC-sort purity (B)
mMCMYV DNA burden in CD45- vs CD45+CD11b+ subsets of visceral adipose tissue of 10 months
post infected mice

To examine whether CD8 T cells in the adipose tissue were recirculating
from the systemic pool, we performed two experiments. First, we analyzed
expression of CD69 on CD8 T cells. This molecule, often used as a marker of

immediate activation, is an antagonist of the S1P1 receptor, leading to the
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retention of T cells in their specific tissue [268]. We found that 75% of all CD8 T
cells expressed CDG69 in infected animals, a significant increase compared to that
of their uninfected counterparts (Fig. 12E; p=0.0015). We also analyzed the dual
expression of CD103e, which has been used to define tissue resident cells in
other tissues [268,269] and found no significant differences between its
expression on CD8 T cells in infected and uninfected animals (Fig. 11). Second,
to independently test whether and how many CD8 T cells in the adipose tissue
may be of resident memory type, we assessed their accessibility to a systemic
anti-CD45 antibody injected into the vasculature in vivo, as a measure of their
vascular vs. tissue-resident location. We injected an Alexa Fluor 700 labeled anti-
CD45 antibody intravenously (i.v.) into lifelong infected animals, harvested the
adipose tissue 5 min later, as previously described, to determine the extent of T
cell tissue residency [270]. We found that approximately 95% of all T cells in
adipose tissue of infected (as well as uninfected) animals stained only with the ex
vivo antibody and therefore could be classified as resident to adipose tissue (Fig.

12F).
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Figure 11. Dual expression of CD69 and CD103e is not significantly different between CD8
T cells in lifelong mCMV infected and uninfected adipose tissue.

12-week-old C57BL/6J mice were infected with 10° pfu of mMCMV by the i.p. route. At greater than
450d p.i. mice were sacrificed Stromal vascular fraction was analyzed by flow cytometry and cell
populations quantified. Dual expression of CD69+CD103e+ CD44+ CD8 T cells were quantified.
Data are pooled results of two individual experiments. n = 10 infected and n = 10 uninfected.
Error bars represent mean + SEM. *p <0.05; **p <0.01; ***p < 0.001; **** p < 0.0001 by unpaired
two-tailed Mann-Whitney U test within genotypes.

To ascertain that T cells in lifelong infected animals are specific for mCMV
antigens, we repeated the tetramer staining as performed in earlier timepoints.
We found that a majority of CD8 T cells within adipose tissue remained specific
for mCMV tetramers, with an expected and significant expansion of T cells
specific for the inflationary T cells epitopes, m38 (p<0.0001) and m139

(p<0.0001). A much smaller, but also significantly expanded population was



specific for the acute M45 epitope (p=0.0018), possibly indicative of recent viral
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Figure 12. mCMV-specific T cells are maintained in adipose tissue for the lifespan of
infection.

12-week-old C57BL/6J mice were i.p. injected with 10% pfu of MCMV and sacrificed >450d p.i.
Stromal vascular fraction was analyzed by Drew Scientific HemaVet 950 and flow cytometry.
(A) Total leukocytes were quantified by hemocytometer. (B) Flow cytometry analysis was used
to quantify absolute numbers per gram of adipose tissue of CD3 T cells and gated on CD4 or
CD8. (C) CD8 T cells were phenotyped based on expression of CD62L and CD44 and
guantified. (D) CD44+ CD8 T cells were analyzed for expression of KLRG1 and CD127 to
guantify number of MPECs and SLECs. (E) Total CD8 T cells were analyzed for surface
expression of CD69. (F) Lifelong infected animals were injected i.v. with 3 pg of CD45 antibody
to determine tissue residency of T cells. Frequency of in vivo and ex vivo stained animals is
shown. (G) CD44+ CD8 T cells were analyzed for mCMV specificity by tetramer staining. (A-E
and G) Data are pooled results of two independent experiments. n = 20 uninfected animals and
19 infected animals total. (F) Data are pooled results of two independent experiments with an n
= 9 uninfected animals and n=9 infected animals total. Frequencies shown in the dot plots
represent SD. Error bars represent mean + SEM. *p <0.05; **p <0.01; ***p < 0.001; **** p <
0.0001 by unpaired two-tailed Mann-Whitney U test.
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reactivation (Fig. 12G). Taken together, these data demonstrate that mCMV-
specific CD8 T cells are maintained within the adipose tissue for the lifespan of
infection, as bona fide Trm cells.

The presence of phenotypically active mCMV specific T cells in adipose
tissue provides evidence of a continued surveillance against mMCMV. Next, we
investigated whether this significant presence of mCMV-specific Trm cells within
adipose tissue over the lifespan may be associated with persistent inflammation.
We found that IL-23 (p=0.0201), IL-1a (p=0.0071), IFNy (p=0.0113), TNFa
(p=0.0258), CCL2 (p=0.0083), IL-6 (p=0.0083), IL-27 (p=0.0109), and GM-CSF
(p=0.0175) were all significantly elevated in lifelong infected adipose tissue when
compared to uninfected age matched controls (Fig. 13A-H). By contrast, IFNf,
IL-18, IL-10, IL-17A, and IL-12 did not exhibit significant changes when
compared to uninfected animals. These data indicated that adipose tissue is a
site of lifelong accumulation, or maintenance, of mCMV-specific Trm cells that
exhibit phenotypic evidence of recent antigenic stimulation, and that this
correlates with an inflammatory cytokine response over the entire lifespan of the

host.
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Figure 13. Lifelong mCMV infection results in inflammation in the adipose tissue.

12-week-old C57BL/6J mice were injected with 10° pfu of MCMV and sacrificed at greater than
450d p.i.. Total adipose tissue was homogenized and analyzed by BioLegend LegendPlex. (A) IL-
23 (B) IL-1a (C) IFNy (D) TNFa (E) CCL2 (F) IL-6 (G) IL-27 and (H) GM-CSF were all statistically
increased. Data are pooled results of two independent experiments. n = 9 uninfected and 10
infected animals total. Error bars represent mean + SEM. *p <0.05; **p <0.01; ***p < 0.001; *** p
< 0.0001 by unpaired two-tailed Mann-Whitney U test.



78

Persistent mCMYV infection is correlated with hyperglycemia

Adipose tissue inflammation associated with obesity has been clearly
linked with multiple phenotypes of the metabolic syndrome, including glucose
intolerance and insulin resistance [197,271,272]. Based on the observed
increase in inflammatory cytokines and cytotoxic T cells in lifelong infected
animals we hypothesized that infected mice could exhibit an altered metabolic
profile. Indeed, we found that between ten- and twelve-weeks post infection there
was an elevation of fasted blood glucose in infected animals (Fig. 15A) with no
significant differences between infected and uninfected animals in plasma insulin
levels (Fig. 15B). To determine if the hyperglycemia was correlated with
increased adiposity of infected animals, we longitudinally followed mice and
analyzed the weight of their fat pads and found no significant change in fat pad
weights between infected and uninfected mice (Fig. 8A). When we calculated the
homeostasis model assessment insulin resistance (HOMA-IR) index and found
that infected animals exhibited significant elevation of this index compared to
uninfected animals (Fig. 15C; p=0.0155). Conversely, the inverse of HOMA-IR,
the insulin sensitivity index, expectedly suggested that infected animals were less
sensitive to insulin than uninfected controls (Fig. 15D; p=0.0155). At >450 days
post infection, significantly elevated levels of blood glucose were still observed in
infected animals (Fig. 15E; p=0.0006) and this occurred in the absence of a
significant increase in body weight (Fig 8B). This elevation in fasted blood

glucose appeared to be dependent on mature CD8 T cells as we found no
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significant differences between the fasted blood glucose of chronically infected

and uninfected mice lacking beta-2-microglobulin (B2m KO) (Fig. 14).
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Figure 14. B2m is required for manifestation of hyperglycemia during lifelong mCMV
infection.

12-week-old C57BL/6J and B2m KO mice were infected with 105 pfu of mMCMV by the i.p. route.
After greater than 300d p.i. mice were fasted for 6 hours and fasted blood glucose was analyzed.
Data are representative of two individual experiments. n = 10 infected B2m and n = 9 uninfected
B2m. n = 5 infected C57BL/6 and n = 4 uninfected C57BL/6. Error bars represent mean + SEM.
*p<0.05; **p<0.01; ***p < 0.001; **** p < 0.0001 by unpaired two-tailed Mann-Whitney U test
within genotypes.

Based on the results of the HOMA-IR analysis of mice between ten- and
twelve-weeks post infection we analyzed more broadly the metabolic system of
lifelong infected animals. First, we determined the extent to which infected and
uninfected animals clear a bolus of glucose by i.p. challenge. We found that
mCMYV infected animals did not clear glucose from the blood as quickly as
uninfected counterparts (Fig. 15F). We next tested whether the HOMA-IR was an

accurate representation of insulin resistance in our model. Therefore, we i.p.
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challenged with fast acting insulin to determine insulin sensitivity and found no
significant differences between infected and uninfected animals (Fig. 16A).
Finally, we wondered if elevated fasted blood glucose indicated a hyperactive
gluconeogenesis driven by the liver. We therefore challenged mice with sodium
pyruvate i.p. to determine liver sensitivity to infection and found no difference in

gluconeogenesis in infected and uninfected animals (Fig 16B).
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Figure 15. Chronic mCMV infection is correlated with hyperglycemia.

12-week-old C57BL/6J mice were infected with 10% pfu of mCMV by the i.p. route. Prior to blood
glucose measurements via tail nick or collection of blood for plasma via retro-ortibal bleed mice
were fasted for at least 7 hours. (A) Fasted blood glucose of mice infected between 10 and 12
weeks as measured by Bayer Contour Next EZ Glucose Meter. (B) Plasma insulin concentration
measurements by ELISA of mice infected between 6 and 10 weeks. (C) HOMA-IR and inverse
measurement (D) Insulin sensitivity index. (E) Fasted blood glucose of lifelong (>450d p.i.)
infected mice. Data are pooled results of two to four independent experiments. For the 6 to 10-
week experiments there were an n = 14 uninfected and n = 10 infected animals total. For the
lifelong experiments there was an n = 23 uninfected and 35 infected animals total. Error bars
represent mean £ SEM. *p <0.05; **p <0.01; ***p < 0.001; **** p < 0.0001 by unpaired two-tailed
Mann-Whitney U test.
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Figure 16. Systemic insulin sensitivity and gluconeogenesis are not altered in lifelong
mCMYV infected animals.

12-week-old C57BL/6J mice were infected with 10° pfu of mMCMV by the i.p. route. After greater
than 450d p.i. mice were challenged with insulin tolerance (ITT) and pyruvate tolerance tests
(PTT). (A) Percent change of fasted blood glucose compared to Time 0 after i.p. injection of 1 U /
kg insulin. (B) Percent change of fasted blood glucose compared to Time 0 after i.p. injection of 2
mg / kg sodium pyruvate. Data are representative of two repeated experiments for each test. n =
18 infected and 10 uninfected animals in total.
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Taken together these data are consistent with recently published work that
suggests alterations in glucose tolerance and insulin sensitivity in mice acutely
infected with mCMV and influenza infection of mice being fed a high fat diet
[222]. When we measured adiponectin expression in adipose tissue
homogenate, we expected decreased amounts of total protein as we saw in the
acute time point post infection, however we found no significant change in the
amount of adiponectin protein in uninfected and lifelong infected animals (Suppl.
Fig 17), perhaps indicating an age related decrease in adiponectin expression
that may mask changes induced by infection. Overall, we found a clear initial
alteration in the glycemic profile of mCMV-infected mice following infection that
appears to be driven by delayed glucose clearance in infected animals and is
possibly dependent upon mature T cells. Additional studies will be required to
mechanistically extend these data, one is tempted to speculate that mCMV may
make animals susceptible to clinical metabolic changes pending action of other
environmental stressors, including diet, as previously published, and aging in our

model.
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Figure 17. Lifelong mCMV infection does not alter adiponectin levels.

12-week-old C57BL/6J mice were infected with 10° pfu of mCMV by the i.p. route and sacrificed
at >450d p.i.. Total adipose tissue was homogenized and analyzed by ELISA for Adiponectin.
Data are pooled results of two independent experiments. n = 12 uninfected and 17 infected
animals total. Error bars represent mean + SEM. *p <0.05; **p <0.01; ***p < 0.001; **** p <
0.0001 by unpaired two-tailed Mann-Whitney U test.

Discussion

CD8 T cell immunity against mCMYV infection has been extensively studied
in the context of inflationary memory T cell expansion in the blood, as well as in
the lungs (as the port of CMV entry) and salivary gland (as the site of intense
primary CMV replication). Results of these studies have suggested that the blood
contains a large pool of CMV-specific circulating Tem cells, guarding against
potential systemic reactivation, whereas both the site of primary entry (lungs) and
extensive initial replication and shedding (salivary gland) contain Trm cells
standing guard against potential reinfection (lung) and/or local reactivation (lung

and salivary gland). CMV is believed to infect many cells, but to establish latency
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only in very few [233,273,274]. In that context and in the context of an early and
lifelong CMV infection and immunity, we know very little about CMV-specific CD8
T cell immunity and control in other tissues. For example, one fundamental
guestion remains on whether the large systemic circulating CD8 T cell pool is
responsible for the control of other potential sites of latency and reactivation.

Recent studies show that white adipose tissue is enriched in leukocytes,
including a significant population of memory T cell populations even in mice
housed under specific-pathogen free conditions [161,275,276]. Furthermore, it
has been demonstrated that pathogen-specific T cells can arise in both
mesenteric and epididymal adipose tissue following bacterial and parasitic
infection [260,275]. It has also been demonstrated that murine adipose tissue
can harbor infectious mCMV as demonstrated by plague assay and microscopy
during early time points post infection [222,261,277]. We show here that adipose
tissue is an early site of infection which leads to generalized inflammation,
maintains viral genomes for the lifetime, and possesses a sustained antigen-
specific adaptive immune response. We found that mCMV-specific Tem CD8 T
cells dominated the immune response early, and this response was maintained
for life. Moreover, both phenotypic and functional (vascular accessibility) data
were consistent with the Trm nature of fat residing CD8 T cells.

Several groups have demonstrated that mucosal tissues, such as the
salivary gland and lungs, are home to non-recirculating T cells that respond to
mCMV [76,77,124]. This is largely believed to be in response to mCMV utilizing

mucosa as a means for spread through saliva, breast milk, urine, and vaginal
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fluids [113]. Authors have suggested two potential methods that result in T cell
accumulation in the lung and the salivary gland: 1) T cells primed in the periphery
traffic to these locations; and/or 2) viral antigens, (even in the absence of full
replication as demonstrated by experiments conducted with replication-
incompetent mCMV) are presented in situ, evoking cytokine and chemokine cues
that maintain memory T cells after original antigenic stimulation. We interpret our
data as indicative of continual maintenance of memory T cells in situ. However,
this raises two questions. First, why would adipose tissue be evolutionarily
advantageous for mCMV infection? HCMYV alters the lipid metabolism of infected
cells [278,279] and given the high density of lipids within adipocytes it is possible
that adipocytes or their progenitors and even fibroblasts could provide significant
sources of lipids and therefore become prime targets for infection. Furthermore,
different cells of the adipose tissue, including adipose tissue-derived stem cells
[280], have been shown to be susceptible to CMV infection. Second, if viral
antigens are not being presented within adipose tissue, why would the immune
system divert a lifelong T cell population to this site? Other groups have
suggested that the presence of memory T cells in the fat would be expected
given the anatomical location of adipose tissue with respect to lymphatic organs,
the gut, and the vasculature to provide clean-up for any antigenic leakage from
these tissues. We show that fat-residing CMV-specific T cells are phenotypically
activated, suggesting recent antigenic stimulation. That would support the
hypothesis of antigenic presentation in situ, which may be supported by the PCR

detection of viral gene products during the 10 months post infection period.
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While, at present, we cannot formally exclude that CMV antigens may indeed
leak from these proximal tissues, we consider such a possibility less likely, given
the tight temporal regulation of mMCMV antigen expression. An alternative
possibility would be that trafficking cells harboring CMV, such as inflammatory
monocytes, could potentially be continually seeding the adipose tissue and that
this would help maintain the mCMV-specific Trm cells. Against that possibility, we
found that CCR27 mice, infected via the footpad route, as an attempt to isolate
initial replication as much as possible, also exhibited significant accumulation of
mCMV-specific T cell population in the fat, suggesting either cell-free spread or a
non-monocyte cell-associated virus, below our limit of detection at this time, as
drivers of T cell accumulation in the adipose tissue. Based on the preponderance
of evidence, we favor the scenario whereby a persistent, bona fide latency
established by mCMV within adipose tissue drives the accumulation of CD8 Trm
cells.

Inflammation within adipose tissue has been widely investigated for its role
in the development of metabolic syndromes [272]. In our experiments, mCMV
infection resulted in inflammation within adipose tissue in the absence of obesity.
The influx into the adipose tissue by leukocytes and specifically CD8 Tem/rm
cells could potentially alter the metabolic profile of infected mice. When we
measured glucose and insulin changes in infected animals, we did not observe
any changes in fasted blood glucose until animals were ten to twelve weeks post
infection, by which time we did not detect any difference in systemic insulin

levels. This difference was maintained in lifelong infected animals, showing a
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significant elevation in the fasted blood glucose of infected animals, but with no
statistical difference in the total weight, at end of life, or longitudinal differences in
fat pad hypertrophy or atrophy. These observations are consistent with recent
data demonstrating that the production of IFNy in response to mCMV and
influenza infection in a model of dietary-induced obesity was the “tipping” point in
the manifestation of insulin resistance [222]. Furthermore, we find that neither
gluconeogenesis nor reduced insulin sensitivity were responsible for elevated
fasted blood glucose. Rather, we believe that infection potentially alters systemic
glucose control, an issue that will require further experimentation. Thus, our
finding could provide one potential mechanism to link epidemiological data in
humans showing that HCMV infection increases the risk of developing
atherosclerosis, insulin resistance, and other metabolic diseases [72-76]. In that
scenario, we speculate that CMV infection alone could increase one’s risk for
developing metabolic disorders, but that additional environmental factors are
required, such as diet, other infections, and aging; to what extent this interplay is
dependent upon adipose tissue remains to be established.

Our data identify adipose tissue as a potential reservoir for mCMV
genomic persistence, through our detection of viral products at 10 months post
infection. mMCMYV infection clearly leads to the continuous stimulation of antigen
specific CD8 T cells that take up residency within adipose tissue, based upon
phenotypic data. Trm cells are maintained for the lifetime of infection and likely
contribute to an inflammatory environment within adipose tissue. These data

reveal a strategy by which the adaptive immune system controls mCMV in
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tissues and provide insights that could mechanistically link mCMV infection of the

adipose tissue to metabolic dysfunction, that may depend on additional metabolic

and environmental stressors, such as aging and diet.

Methods

Table 1. Key Resources Table for mCMV Adipose T cell methods

Reagent Source Identifier
ThermoFisher
Adiponectin Mouse ELISA Kit Scientific KMP0041
anti-mouse CD103e BioLegend 121419
anti-mouse CD127 BioLegend 135035
anti-mouse CD3 BioLegend 100229
anti-mouse CD4 BioLegend 100541
anti-mouse CD44 BioLegend 103011
ThermoFisher
anti-mouse CD62L Scientific RM4317
anti-mouse CD69 BioLegend 104507
anti-mouse CD8 BioLegend 100733
anti-mouse KLRG1 BioLegend 138415
anti-mouse CD3 BioLegend 100216
anti-mouse CD45.2 BioLegend 109822
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anti-mouse CD45.2 BioLegend 109807
anti-mouse CD11b BioLegend 101216
Purified anti-mouse CD16/32 BioLegend 101301
LEGENDplex Mouse Inflammation
Panel BioLegend

740446
Collagenase D Sigma-Aldrich 11088858001
RNeasy Lipid Tissue Mini Kit Qiagen 74804
QIAzol Lysis Reagent Qiagen 79306
RT2 Profiler PCR Array Mouse
Insulin Resistance Qiagen 330231
H-2D(b) MCMV M45 985-993 NIH Tetramer Core
HGIRNASFI Facility 41184
H-2K(b) MCMV m139 419-426 NIH Tetramer Core
TVYGFCLL Facility 41186
H-2K(b) MCMV m38 316-323 NIH Tetramer Core
SSPPMFRV Facility 41185
LIVE/DEAD Fixable Aqua Dead ThermoFisher
Cell Kit Scientific L34957
LIVE/DEAD Fixable Near-IR Dead | ThermoFisher
Cell Kit Scientific L10119
7-AAD Viability Staining Solution BioLegend 420404
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LegendPlex BioLegend 740150
NP-40 Surfact-Amps Detergent ThermoFisher
Solution Scientific 28324
Protease Inhibitor Cocktail Sigma-Aldrich P8340
Mouse Leptin ELISA Kit Sigma-Aldrich RAB0334
ThermoFisher
Insulin Mouse ELISA Kit Scientific EMINS
BD Cytofix/Cytoperm Fixation and
Permeabilization Solution
Fisher Scientific BDB554655

Humalog Insulin (100 U / mL) Eli Lilly Vet Prescribed
D-(+) Glucose Sigma-Aldrich G8270-25KG
Sodium Pyruvate Lonza 13-115E

Ethics statement

Mouse studies were carried out in strict accordance with the recommendations in

the Guide for the Care and Use of Laboratory Animals of the National Institutes

of Health. Protocols were approved by the Institutional Animal Care and Use

Committee at the University of Arizona (IACUC #08-102, PHS Assurance

Number: A3248-01). Footpad injections were performed under isoflurane

anesthesia. Euthanasia was performed by isoflurane overdose. Animal
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experiments performed at Helmholtz Centre for Infection Research
(Braunschweig, Germany) were approved by Lower Saxony State Office of
Consumer Protection and Food Safety under the license number 33.9- 42502-04-

14/1712.

Mice and Lifelong MCMV Infection.

Ten-week-old adult C57BL/6J and congenic CD45.1 (B6, H-2b), B2m KO, and
CCR2”’- male mice were purchased from The Jackson Laboratory. At 12 weeks of
age, adult mice were infected with 10° pfu of mMCMYV intraperitoneally or via
footpad, both routes produce overlapping data, (Smith strain, originally obtained
from M. Jarvis and J. Nelson, Oregon Health and Science University, Portland,
OR, passage 3 on M210B4 cells. Mice were maintained under specific pathogen-
free conditions in the animal facilities at the University of Arizona and at

Helmholtz Centre for Infection Research (Braunschweig, Germany).

Isolation of Stromal Vascular Fraction

Animals were sacrificed by isoflurane overdose. White adipose tissue from the
epididymal fat pad was excised, weighed, and cut in small pieces using forceps
and scissors. Cut pieces were resuspended in DMEM containing 2 mg/ml|
Collagenase D (1mL solution per 0.5 grams of adipose tissue) and incubated for
30 minutes at 37 °C with shaking. Digestion suspensions were thoroughly

vortexed and centrifuged at (800g for 5 min). Adipocyte fraction and liquid



92

interphase was sterile vacuumed away from pellet, which was resuspended in
DMEM containing 5% BSA and pushed through a 70 um nylon mesh filter to
remove remaining cell debris. Cells were centrifuged and resuspended in 250 ul
PBS containing 1% BSA. 50 ul of resuspension was used to calculate cell counts
per gram of adipose tissue and the remaining used for flow cytometry. Numerical
guantification of single cell suspensions was carried out using Drew Scientific

HemaVet 950.

Real-time PCR quantification of viral RNA load in tissues

Adipose tissue was collected into a microcentrifuge tube filled with 1 mL of Qiazol
and autoclaved glass beads and then snap frozen in liquid nitrogen. Samples
were thawed and homogenized using a bead beater for two 2-minute cycles.
RNA was extracted using Qiagen RNeasy Lipid Tissue Mini Kit per the
manufacturer’s protocol. Reverse transcription was carried out using Sensiscript
RT Kit per manufacturer instructions. Amplification of cDNA was performed using
SYBR Green Master Mix on an ABI 7300. Standard curve was generated using
plasmid gifted from Wayne Yokoyama, MD, Washington University in St. Louis.
Primer set were gifted by Chris Benedict, PhD, La Jolla Institute of Immunology
[281]. For applications utilizing the RT2 Miniarray Profiler samples were treated
as above, analyzed for RNA Integrity Number (RIN) by the University of Arizona
Genetics Core Facility on an Agilent Bioanalyzer 2100. Following manufacturer
protocol only samples with a RIN greater than 7 were used. Analysis was carried

out through Qiagen’s Data Analysis Center.
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Real-time PCR quantification of viral genome load in tissues

The liver, spleen, subcutaneous fat, and perigonadal adipose tissue were
harvested from mCMYV infected and uninfected age matched controls. Each
tissue was collected into a microcentrifuge tube containing 1 mL of Qiazol and
autoclaved glass beads, and snap frozen in liquid nitrogen. Following thaw,
samples were homogenized by bead beating with two 2-minute cycles. DNA was
extracted from each sample per the Qiazol manufacturer’s protocol. gPCR was
performed using PowerUP SYBR Green Master Mix on an Applied Biosciences
Step One real-time PCR system using the following cycle protocol: an initial step
at 2 min 50°C followed by 95° for 10 min, followed by 40 cycles of 95° for 15 sec,
60° for 1 min. Recombinant plasmids containing IE1 and C57/BL6 -actin were
used as template to establish standard curves for quantification. The primer
sequences were as follows: IE1-fw (5’- CCC TCT CCT AAC TCT CCC TTT-3’)
and IEl-rv (5-TGG TGC TCT TTT CCC GTG-3'), B-actin-fw (5-AGC TCA TTG
TAG AAG GTG TGG-3') and B-actin-rv (5-GGT GGG AAT GGG TCA GAA G-3’).
Cycle 32 was set as a negative cut-off based on uninfected controls. Primer sets
and recombinant plasmids were gifted by Wayne Yokoyama, MD, Washington

University in St. Louis.

Real-time PCR quantification of viral genome load in FACS-purified cell

subsets

8-week-old C57BL/6J female mice were i.p. injected with 10° pfu of bacterial

artificial chromosome—derived mCMV (pSM3fr-MCK-2 full-length [282]) and
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sacrificed at 90d or at greater than 240d p.i. Perigonadal adipose tissue stromal
vascular fractions were isolated as described previously [283], stained with
antibodies and FACS-sorted into CD45- and CD45+CD11b+ subsets. DNA was
extracted using QlAamp DNA Micro Kit (QIAGEN) according to manufacturer’s
protocol. Real-time PCR quantification of viral genome load was performed as
described previously [284] with modifications. Briefly, equivalent volumes of each
DNA sample were analyzed in gPCR reactions with primer pairs specific for
either the viral gene M55/gB or the mouse gene Pthrp. Reactions were set up
using Fast EvaGreen qPCR master mix (Biotium, Fremont, CA) and run in a
LightCycler480 (Roche, Mannheim, Germany) using the following cycling
protocol: an initial step of 2 min at 95°C followed by 50 cycles of 10 s at 95°C, 20
s at 56°C, and 30 s at 72°C. Specificity of the amplicons was confirmed through
melting curve analysis and by electrophoresis on agarose gels. Absence of
cross-contamination was ascertained by parallel assessment of negative water
controls and of DNA samples from non-infected animals. A recombinant plasmid
standard containing sequences of both gB and Pthrp genes [284] was used as a
template to establish standard curves for quantification. The dynamic range of
the assay stretched from 101 to106 mCMV genome copies per reaction. The
following primer sequences were used: gB-fw (5'-
GCAGTCTAGTCGCTTTCTGC-3') and gB-rev (5™
AAGGCGTGGACTAGCGATAA-3'); Pthrp-fw (5'-
GGTATCTGCCCTCATCGTCTG-3') and Pthrp-rev (5'-

CGTTTCTTCCTCCACCATCTG-3').
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Flow Cytometry

Isolated cells were stained using flow cytometry reagents as indicated in the Key
Resources Table. Dead cells (identified as 7-Amino-Actinomycin D+ or using
LIVE/DEAD Fixable Dead Cell Staining Kits) and cell aggregates (identified on
FSC-A versus FSC-W scatter plots) were excluded from all analyses. Cells were
plated into 96-well round bottom plates (Costar). Cells were treated with FcBlock
(anti-CD16/32) in PBS supplemented with 2% BSA (FACs buffer) for 10 minutes
at 4 C and then surface staining antibodies, also in FACs buffer, added for an
additional 45 minutes at 4 C. In experiments requiring intravascular staining
animals were injected with 3 ug of anti-CD45 antibody in 50 ul of PBS retro-
orbitally and waiting 5 minutes prior to sacrificing animals. After initial staining
steps, cells were washed three times FACs buffer and then stained using
LIVE/DEAD viability dye in PBS alone for 30 minutes at 4 C. Finally, cells were
washed once with PBS and three times with FACs. Cells were fixed in BD Cytofix
following manufacturers protocol and then washed three times prior to analysis.
Data acquisition was performed on a custom-made, four-laser BD Fortessa flow
cytometer (Becton Dickinson), and was analyzed using FlowJo software (Tree
Star). Cell sorting was performed on a FACSAriall (BD Biosciences). Gating was

informed by using fluorescence minus one (FMO) controls.
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Collection of adipose tissue homogenate for ELISA and BioLegend

LegendPlex

Total epididymal adipose tissue was excised from infected and control animals
and weighed to normalize downstream analysis per gram. Adipose was collected
into 0.5% NP-40 buffer in PBS plus 1/100 protease inhibitor cocktail and
homogenized using Qiagen TissueRuptor. Samples were incubated at room
temperature for 30 minutes and then centrifuged at 4700 RPM for 30 minutes at
4 C. Liquid interphase was taken for downstream analysis. Adiponectin and
Leptin ELISAs and BioLegend LegendPlex 13-plex Inflammation Panel analyses

were carried out following manufacturer protocols.

Blood Glucose and Plasma Insulin Measurements, Glucose Tolerance Test

(GTT), Insulin Tolerance Test (ITT), and Pyruvate Tolerance Test (PTT).

Prior to collection of fasted blood glucose and plasma for insulin measurements
mice were fasted for at least seven hours. Blood glucose was measured by tail
nick and using Bayer Counter Next EZ Glucose Meter. After glucose
measurements blood was obtained via retro-orbital bleeding into EDTA treated
tubes (ThermoFisher) by centrifugation for 15 minutes in 4 C at 2,000 x g. Insulin
was measured using Insulin Mouse ELISA kit (ThermoFisher). HOMA-IR was
calculated by multiplying fasted plasma insulin and fasted blood glucose and
dividing the product by 22.5, the inverse of this result was taken to represent

Insulin Sensitivity [285]. For GTT, ITT, or PTT, following fasting mice were i.p.
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challenged with 1 mg/kg glucose, or 1 U/kg Humalog insulin (Eli Lilly), or 2.5 g/kg
sodium pyruvate in PBS respectively and blood glucose measured as described

above.

Statistical Analysis

Statistics were performed in Prism 7.0 (GraphPad Software, La Jolla, CA, USA).
Two-tailed Mann Whitney U tests with equal SD were carried out on all analyses.
Significance is noted as follows throughout: ns = not significant, ****P < 0.0001,
***P <0.001, **P <0.01, *P <0.05. All error bars shown are SEM. In all cases, a
bar overlies groups compared for significance and the stars as described above

denote significance.
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CHAPTER 5: CALORIE RESTRICTION INDUCES REVERSIBLE
LYMPHOPENIA AND LYMPHOID ORGAN ATROPHY DUE TO CELL

REDISTRIBUTION

“If you change your eating habits to include more whole food (beans, rice,

vegetables and fruit), then you'll eat less.” — Roy Walford

Abstract

Calorie restriction (CR) without malnutrition increases life span and
health span in multiple model organisms. In non-human and human primates,
CR causes changes that protect against several age-related pathologies,
reduces inflammation, and preserves or improves cell-mediated immunity.
However, CR has also been shown to exhibit adverse effects on certain organs
and systems, including the immune system, and to impact genetically different
organisms of the same species differentially. Alternately, short periods of
fasting followed by refeeding may result in the proliferation of bone marrow
stem cells, suggesting a potential rejuvenation effect that could impact the
hematopoietic compartment. However, the global consequences of CR followed
by refeeding on the immune system have not been carefully investigated. Here,
we show that individuals practicing long-term CR with adequate nutrition have
markedly lower circulating levels of total leukocytes, neutrophils, lymphocytes,
and monocytes. In 10-month-old mice, short-term CR lowered lymphocyte
cellularity in multiple lymphoid tissues, but not in bone marrow, which appears

to be a site of influx, or a “safe haven” for B, NK, and T cells during CR. Cellular
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loss and redistribution was reversed within the first week of refeeding. Based on
BrdU incorporation and Ki67 expression assays, repopulating T cells exhibited
high proliferation in the refeeding group following CR. Finally, we demonstrated
that the thymus was not essential for T cell repopulation following refeeding.
These findings are of potential relevance to strategies to rejuvenate the immune

system in mammals and warrant further investigation.

Introduction

Aging is associated with an increased risk of morbidity and mortality from
infection, due to a dysfunction affecting both the innate and adaptive arms of the
immune system [286]. Susceptibility to emerging pathogens and decreased
efficacy of vaccines are driven in part by this age related immune decline, termed
immune senescence [50,287,288]. The earliest age-related change that partially
sets the stage for a subsequent immune decline is the involution of the thymus,
that results in a decreased output of naive T cells into the periphery as early as
before puberty in humans [289-291]. This mandates long-term peripheral
maintenance of the naive T cell pool [52,292] that, while initially successful, also
fails in the last third of life [241,292—295]. Moreover, pathogen exposure across
the lifespan selectively converts antigen-specific naive T cells into memory T
cells [291], further pronouncing the relative dominance of memory lymphocytes
with aging. Similar changes are seen in B-lymphocytes. In addition to these cell
population changes, cell intrinsic defects, as well as decline in

environmental/stromal and soluble factor-driven coordination of immune
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homeostasis and immune responses, results in the exacerbation of age related
immune decline [296].

Calorie restriction (CR) without malnutrition is the most robust intervention
known to increase lifespan and health span in most model organisms
investigated to date [16,32,286]. In humans, it causes changes that protect
against multiple age-associated chronic disease, and powerfully reduces
inflammation without impairing the delayed-type hypersensitivity skin response or
the antibody response to vaccines [30,297,298]. However, experimental animal
investigation of the consequences of CR on the immune system has revealed
potentially beneficial, as well as detrimental, effects. In the mouse model, CR
reduced the extent of thymic involution in old animals [23]; and in both murine
and, non-human primate models, the proportion of naive peripheral T cells was
increased [299]. These observations seemingly indicate that CR could be used
as a therapeutic regimen in the elderly to prevent age related immune
senescence. On the other hand, studies of infectious challenge in vivo have
produced cautionary results. Several groups, including ours, have demonstrated
that mice living in specific pathogen-free facilities on lifelong CR regimen
displayed increased mortality compared to ad libitum fed counterparts in
response to sepsis [300], influenza A [301], parasitic infections [302], and West
Nile virus infection [17]. These studies suggested that in the face of microbial
challenge, both innate and adaptive immune responses require access to energy
to optimally defend the organism. Collectively, these results suggest that it is

necessary to evaluate modalities of CR that provide increased longevity and
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rejuvenating effects in non-immune tissues, can be adhered to, and do not
compromise the functional integrity of the immune system.

A variety of CR modalities have been reported to be associated with
lymphopenia [298,303] presenting another potential adverse immune effect of
CR. As this effect has remained largely unexplored, we investigated changes in
numbers of a broad array of leukocytes within multiple lymphoid tissues (lymph
nodes, thymus, bone marrow, blood, and spleens) during two months of CR
induction. We then returned animals to ad libitum (AL) feeding and monitored
alterations to populations of leukocytes within these same tissues and tested
whether any of the observed changes may be due to de novo cell production or
to potential cellular redistribution between peripheral reservoirs.

We here demonstrate that CR resulted in global leukopenia in both
rodents and humans, which could be reversed following return to ‘normal,” or AL
feeding. We further show that, after a return to AL feeding these cells exhibited
rapid proliferation driven by homeostatic and peripheral factors, without a
significant input from the thymus. We discuss the results considering potential

modulation of the functional ability of the immune system during aging.

Results

Caloric Restriction in Humans Results in Blood Leukopenia

We analyzed multiple health parameters of healthy volunteers practicing
long-term CR with adequate nutrition for an average of 10 years (range: 3-20 yrs)

and age-matched sedentary individuals consuming typical Western diets (WD)
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[304]. Weight, BMI, and body fat percentages of people on CR versus WD were
significantly lower in both men and women. We also measured multiple subsets
of leukocytes by complete blood count (CBC) test and found that men and
women practicing long-term CR have a decrease in total leukocyte count when
compared to WD control subjects. These observations were then broken down to
analyze neutrophils, lymphocytes, and monocytes and all subsets were
significantly reduced in comparison to the WD cohort (Table 2). From these data
we conclude that CR drives a reduction in total leukocyte cellularity, either by
sequestration in tissues or a contraction/elimination during periods of reduced
calories. As these questions cannot be ethically answered in human CR, we
employed a mouse model of CR in which we induced, in a step-wise manner, a
caloric deficit in 10-month-old C57BL/6 mice for approximately two-months and

immediately returned mice to AL feeding for an additional two months.

Table 2. Characteristics of Human Calorie Restriction vs Western Diet
Subjects
CR
Group (n | WD Group | P
= 34) (n =58) value
Age 52.7+12 |545+7 ns
Sex (M/F) 29/5 41/27
1.74 +
Height (m) 0.1 1.73+0.1 |ns
57.7 +
Weight (kg) 7.0 79.0+12.1 | 0.0001
19.0 +
BMI (kg/m”2) Men 1.2 26.1+2.6 | 0.0001
19.0 £
Women | 2.0 26.3+2.8 | 0.0001
Body fat (%) Men 9.2+3.1 |23.9+4.2 |0.0001
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205+
Women | 7.5 38.9+5.6 |0.0001
519+
Lean mass (kg) Men 5.6 59.7£8.5 0.001
356+
Women | 1.8 40.8 £ 3.6 0.001
WBC (K/cumm) Men 31+£08 |[5.7£15 0.0001
Women | 3.1+0.3 [6.2+1.5 0.0001
Absolute neutrophil (K/cumm) Men 1.7£05 [3.3+£1.2 0.0001
Women |19+04 |3.7+1.1 0.0001
Absolute lymphocyte (K/cumm) | Men 1+0.2 1.7+£.04 0.0001
Women |0.9+0.2 [2.0+0.5 0.0001
0.27
Absolute monocyte (K/cumm) Men 0.1 0.45+0.1 |0.0001
0.28 +
Women | 0.1 0.44+0.1 0.014
Values are means = SD

Caloric Restriction Results in Weight Loss that is Rapidly Reversed

To address the above questions in mice, we elected to initiate CR at 10

months of age. This age was chosen as it is analogous to mid adulthood in

humans, based on studies showing that the effects of calorie restriction are most

beneficial when initiated in early to middle adulthood [299]. Reduction in caloric

intake resulted in weight loss. As our model of acute calorie restriction has not

been fully characterized in mid-adulthood mice, we first sought to determine the

consequences of restriction on the weight profiles of mice during and after the

reduction of calories. Animals were weighed prior to feeding, at least twice a

week during induction, maintenance, and cessation of CR. To calorically restrict
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mice, AL food was replaced by 3-gram pellets of irradiated NIH-31 chow and
administered to mice once a day. Total food intake was reduced by 40% of ad
libitum diet over three weeks, which in our hands is equal to a total reduction of
1.4 grams of food. CR diet resulted in a steady, gradual, and modest daily loss of
weight to no greater than 20% of starting weight, that was immediately, within

one day, reversible following return to AL food access (Figure 18) [305,306].
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Figure 18. CR treatment results in gradual weight loss that is rapidly reversible

Two Months of Calorie Restriction Result in Lymphopenia and Lymphocyte

Redistribution Across Multiple Lymphoid Organs

To determine how CR affects the distribution of cells of the immune
system, we compared the effect of our two-month bout of CR to age-matched
littermate AL control male C57BL/6 mice. We sought to address the basis of

leukopenia observed in CR human cohort. Our primary hypothesis was that CR
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induces a redistribution of leukocytes within the host, resulting in lower number of
leukocytes within lymphoid tissues. We further hypothesized that this lost
cellularity is reversible following return to adequate nutrition. We specifically
investigated changes in the lymphocyte compartments; B cells, Natural Killer
(NK) cells, and T cells, as well as of T cell subsets (Naive and Memory, as

defined by CD44 and CD62L expression), of both CR and AL fed mice across the

CR AL

Figure 19. Splenic size decreases during CR

blood, bone marrow, spleen, and brachial and inguinal lymph nodes. We found
that CR resulted in a statistically significant decrease of all three of these
lymphocyte subsets across the spleen (CR mice all had spleens that were visibly
smaller when compared to their AL fed counter parts (Figure 19)), blood, and

pooled brachial and inguinal lymph nodes (Fig 20A-C).
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Figure 20. Lymphoid organ cellularity is decreased after caloric restriction.

Ten-month-old B6 mice were calorically restricted, as described in the “Methods,” for 2 months
and lymphocyte subsets were analyzed by flow cytometry from the a spleen, b blood, ¢ brachial
and inguinal lymph nodes, and d bone marrow of the femur. Statistical differences were

calculated by one-tailed Mann Whitney U tests by comparing cellularity to age-matched, AL fed
mice. *P <0.05; **P < 0.01. Data are representative of three independent experiments with 2—8
mice per treatment group
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By contrast, we observed a trend of an increase in the B cells and T cells within
the bone marrow of CR mice when compared to AL controls (Fig 1D), although
that trend did not reach significance with the group size used in our experiments.
Thus, in line with our hypothesis and modeling the results from humans, these
data suggest that the induction of CR over a period of two months results in an
alteration of the cellularity of multiple lymphoid tissues. The data also confirm, in
our hands, that lymphoid organ size is affected by the nutritional state of an

animal, as previously demonstrated by others [307-309].

Thymic Size and Cellularity is Reduced Following Two Months of Calorie

Restriction

Lifelong CR has been shown to improve cellularity of the old thymus and to
reduce its accumulation of adipocytes [23]. Moreover, thymic output was
improved and the peripheral T cell compartment contained a higher frequency of
naive T cells in lifelong CR mice compared to AL controls [23]. Therefore, we
wondered whether a two-month period of CR would induce similar changes in the
thymus as seen in the lifelong model. We found significant decreases in the
absolute numbers of CD4+CD8+ double positive, CD4+ and CD8+ single
positive, and double negative (DN) thymocytes within the thymi of CR mice in
comparison to AL fed mice (Fig 21A). Furthermore, the main subsets of DN
thymocytes (DN1-4, as delineated by the expression of CD25 and CD44
[310,311]) were also universally decreased in comparison to AL fed controls (Fig

21B) and the size of the thymus of CR mice was visibly smaller than that of AL
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counterparts (Figure 22). These data demonstrate that a short period of CR
results in a loss of both size and cellularity of the thymus. The lost cellularity of

the thymus is seen in all subsets of the off T lymphocyte lineage analyzed.
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Figure 21. Thymic cellularity is decreased after caloric restriction.

Ten-month-old B6 mice treated by CR as in Fig. 1 were analyzed for thymus lymphocyte subset
cellularity by flow cytometry. a Absolute counts of CD4 single positive, CD8 single positive,
double negative, and CD4/CD8 double positive thymocytes. b Absolute count of CD4/CD8 double
negative thymocyte subsets (DN1-4), based on CD44 and CD25 expression. Statistical
differences were calculated by one-tailed Mann Whitney U tests by comparing cellularity to age-
matched, AL fed mice. *P <0.05; **P <0.01; ***P <0.001; ****P <0.0001. Data are representative
of three independent experiments with 2—8 mice per treatment group
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Figure 22. Thymic size decreases during CR
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Return to Ad Libitum Feeding Results in Increased Blood Cellularity and T

cell cycling

We next wished to determine whether the cells lost from blood and
lymphoid organs were capable of rebounding back to baseline levels following a
return to AL feeding. To that effect, following the completion of the two-month
period of CR we returned mice to AL food. At the same time, mice were given a
thymidine analog, BrdU in drinking water, to label dividing cells and thereby
estimate their turnover. Following one week of refeeding and BrdU treatment, we
determined the fraction of cells in the blood that had incorporated BrdU and also
expressed the cell cycle marker Ki67 (actively cycling cells within the last 2-3
days of analysis) as in our prior studies [52]. After one week of CR reversal with
AL refeeding (CR-RF), both CD4 and CD8 T cells in the blood rebounded to or
above control levels (Fig 23A). Furthermore, both the CD4 and CD8 T cell
compartments contained significantly more cells that were double positive for
BrdU and Ki67 relative to the AL controls that did not undergo CR (Fig 23B).
These data suggest that when mice are returned to AL feeding after CR, cells
enter into cell cycle and undergo a proliferative burst as indicated by the
increased number of T cells in the blood in CR-RF mice when compared to AL
counterparts. To evaluate potential mechanisms of this rebound, we analyzed
CD8 T cell subsets (effector memory, central memory, and naive; based on
expression of CD62L and CD44) and found that CD8 central memory
(CD62L+CD44+) and naive (CD62L+CD44-) T cells contained significantly more

actively cycling (Ki67+BrdU+) cells following refeeding relative to AL controls (Fig
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23C). These data are supportive of the hypothesis that during CR T lymphocyte
populations contract, redistribute, and then following return to AL nutrition,
undergo homeostatic proliferation, presumably to fill the void left by redistributing
cells in response to homeostatic cytokines. Since CD8 naive and central memory
cells, but not CD8 effector memory cells, proliferated, we would speculate that

this proliferation is most likely to be driven by IL-7 and not IL-15.
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Figure 23. Peripheral T lymphocytes enter cell cycle after 1 week of refeeding.

Calorically restricted mice were returned to AL food access and treated with BrdU in their drinking
water. The T cell compartment was analyzed by flow cytometry. a Absolute count of T cells per pl
of blood. b Absolute count of Ki67+BrdU+ CD8a and ¢ CD4 T cells. d—f Absolute count of
Ki67+BrdU+ central memory (CD44+CD62L+), naive (CD44-CD62L+), and effector memory
(CD44+CD62L-) cells in blood. Statistical differences were calculated by two-tailed Mann
Whitney U tests by comparing cellularity to age-matched, AL fed mice. *P < 0.05. Data are
representative of two independent experiments with 3—7 mice per treatment group
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Lymphoid tissue cellularity returns to AL levels 2 months following return to AL
feeding

During the early time point after return to AL feeding, T cells appeared to
have entered cell cycle based upon BrdU incorporation and Ki67 expression.
This observation led us to ask whether organ size and cellularity lost during the
period of CR return to control sizes? Mice that were reverted to AL feeding were
maintained on the AL diet for 2 months and once again, we analyzed lymphocyte
subsets within the blood, bone marrow, spleen, and brachial and inguinal lymph
nodes. We found that absolute cell counts of B, NK, and T cells were not
statistically different across tissues between AL and CR-RF animals (Fig. 24).
Similar results were obtained with thymus cellularity after 2 months of refeeding.
We found that CD4 single positive, double negative, and double positive
thymocytes exhibited an absolute increase within the CR-RF groups when
compared to AL controls (Fig. 25A). When the double negative population was
analyzed further, we found a statistically significant increase in the DN1 and DN2
populations (Fig. 25B). However, we found no statistically significant differences
between the DN3 and DN4 populations in CR-RF and AL mice. Therefore,
following contraction in both size and cellularity during CR, lymphoid organ
cellularity equilibrated at pre-intervention steady state following 2 months of AL

feeding.
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Figure 24. Lymphoid organ cellularity returns to AL levels following 2 months of
refeeding.

Calorically restricted mice were maintained on AL food for 2 months after CR treatment.
Lymphocyte subsets were then analyzed by flow cytometry from

the a spleen, b blood, cbrachial and inguinal lymph nodes, and d bone marrow of the femur.
Statistical differences were calculated by two-tailed Mann Whitney U tests by comparing
cellularity to age-matched, AL fed mice. We found no statistical difference in numbers between
the groups. Data are representative of three independent experiments with 2—8 mice per
treatment group
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Figure 25. Thymic cellularity returns to AL levels following 2 months of refeeding.

Calorically restricted mice were maintained on AL food for 2 months after CR treatment. Thymus
subsets were analyzed by flow cytometry. a Absolute counts of CD4 single positive, CD8 single
positive, double negative, and CD4/CD8 double positive thymocytes. b Absolute count of
CD4/CD8 double negative thymocyte subsets, based on CD44 and CD25 expression. Statistical
differences were calculated by two-tailed Mann Whitney U tests by comparing cellularity to age-
matched, AL fed mice. *P <0.05. Data are representative of three independent experiments with
2—8 mice per treatment group
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Thymus is dispensable for the refeeding-triggered T cell rebound after CR

Our results were consistent with the possibility that during a relatively
short period of CR, lymphocytes may leave secondary lymphoid tissues, and that
at least some of them, may reside in the bone marrow, so that upon refeeding
they can repopulate the same lymphoid tissues to re-establish homeostasis.
However, because thymus also rebounds post-refeeding, it was possible that
some or even all of the rebounding cells were originating from the regenerated
thymus. To formally and stringently test this possibility we performed adult
thymectomy (ATX) on 3-month-old C57BL/6 mice and then aged them to 10
months of age before inducing our model of CR and compared results to sham-
thymectomized (Sh-TX) littermates.

ATX mice exhibited weight loss changes in response to CR induction and
return to AL feeding indistinguishable from either their sham controls or surgically
intact animals from our initial experiments. Furthermore, following two-months of
CR, ATX mice displayed similar losses of lymphocytes across multiple tissues.
We observed a significant decrease in B cells and NK cells in the spleen,
whereas T cell data trended lower but did not reach significance (Fig 26A). In the
blood, B cells were significantly reduced, but NK and T cells were not (Fig 26B).
Brachial and inguinal lymph nodes displayed the most significantly decreased
number of B, T, and NK cells (Fig 26C). As in the case of thymus-sufficient wild-
type mice there was no significant changes in the cellularity of B, T, or NK cells in

the bone marrow (Fig 26D). Therefore, from these data we conclude that loss of
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the thymus does not alter CR induced lymphopenia across the spleen and lymph

nodes.
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Figure 26. Thymectomized mice display CR-induced lymphopenia.

B6 mice were thymectomized in house or at the Jackson Laboratory (Bar Harbor, ME) and then
subjected to 2 months of CR and lymphocyte subsets were analyzed by flow cytometry from
the a spleen, b blood, ¢ brachial and inguinal lymph nodes, and d bone marrow of the femur.
Statistical differences were calculated by one-tailed Mann Whitney U tests by comparing
cellularity to age-matched, AL fed mice. *P <0.05; **P <0.01; ***P <0.001; ****P <0.0001. Data
are representative of two independent experiments with 4—8 mice per treatment group

We next reverted mice back to AL food. Two months post refeeding of
ATX animals, we observed that B, NK, and T lymphocyte cellularity across the
blood, spleen, lymph nodes, and bone marrow rebounded to pre-CR levels and
was indistinguishable from the AL fed ATX controls (Fig 27). These data
demonstrate that T cells return to the organs and restoration of T cell

homeostasis is reestablished by two months post refeeding regardless of the
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presence of the thymus. We interpret these data to suggest that T cells contract
and/or redistribute to bone marrow and/or other tissues, not surveyed by our
study, during periods of a caloric deficit, and ‘come out of hiding’ when nutritional
supply is reestablished, independent from central (thymic) production. It remains
to be seen to what extent homeostatic proliferation following refeeding is

necessary for full restoration of homeostasis in this model of CR and refeeding.

a Spleen Cellularity in Thymectomized Mice Two Months b Blood Cellularity in Thymectomized Mice Two Months
Following Return to Ad Libitum Feeding Following Return to Ad Libitum Feeding
1x10 . ] AL 1x105y O AL
g 1x107 — I CRRF E K B CRRF
8 == o 1%10
& 1x10 s E3
5 S
& 1x10 5 1x10%
e -9
3 1x10 €
o 3
2 1x10 § 1104
32 E]
2 1x102 _: '
2 @ 1x10'y
1x10 2
1x10° T T T 1%10° T T T
B cells NK cells T cells B cells NK cells T cells
(o] Lymph Node Cellularity in Thymectomized Mice Two Months d Bone Marrow Cellularity in Thymectomized Mice Two Months
Following Return to Ad Libitum Feeding Following Return to Ad Libitum Feeding
w1108 1x107 AL
] [ AL
3 == = ] B CRRF
f 1%10 B CRRF 5 1etos - ]
Y
BE B I 1%10%
3 1x10 3
3 - o
orT + 1x10
5 1x0° 5
32 S 1x103
] o
"B 1x102 =
<5 3 1x102
] \ 2
-E 1%10 < 1x1 01
&
1x100 T T T 1x10° T T T
B cells NK cells T cells B cells NK cells T cells

Figure 27. Lymphocyte recovery is not dependent upon the thymus.

Calorically restricted thymectomized mice treated as in Fig. 6 (return to AL food for 2 months after
CR) were analyzed exactly as in Fig. 6. a Spleen. b Blood. ¢ Brachial and inguinal lymph

nodes. dBone marrow of the femur. Statistical differences were calculated by two-tailed Mann
Whitney U tests by comparing cellularity to age-matched, AL fed mice. Data are representative of
two independent experiments with 4—-8 mice per treatment group

Discussion
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In this study, we report that individuals practicing long-term CR with
adequate nutrition have significant lower circulating levels of total leukocytes,
neutrophils, lymphocytes and monocytes. In middle-aged 10-mo old mice, we
found that during periods of caloric restriction the absolute number of
lymphocytes within the blood, inguinal and brachial lymph nodes, and spleen are
reduced in comparison to AL fed counterparts. By contrast, the bone marrow of
CR animals appeared to be a site of influx, or a “safe haven” for B, NK, and T
cells, the numbers of which were at least intact, if not elevated in bone marrow.
Lymphocyte cellularity within all organs returned to AL levels as early as a week
following refeeding. Repopulating T cells exhibited high proliferation in the CR-
RF group, based on BrdU incorporation and Ki67 expression. Finally, we
demonstrated that thymus was not essential for T cell repopulation following re-
feeding.

Based on the above observations, we propose the following model of
lymphocyte migration following CR and subsequent re-feeding: (1) Upon CR
induction, lymphocytes leave secondary lymphoid organs (SLO) and migrate into
niches such as the bone marrow, that are known to protect and maintain different
lymphocyte subsets (dominantly memory T and B cells) in the course of normal
homeostasis. (2) Thymus also drastically loses cellularity, because early steps in
the ap T cell development (proliferation at the DN2 and DN3b/4 stages) require
enormous energy expenditure. (3) Following refeeding, there is almost
instantaneous redistribution of cells back to SLO from the bone marrow and

perhaps other niches. (4) In addition to this redistribution, cells arriving into SLO
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undergo homeostatic proliferation, presumably because the SLO environment
has a relative surplus of homeostatic cytokines, chiefly IL-7, that were not used in
situ due to CR-induced lymphopenia. (5) Thymus cellularity also rebounds, but
thymic production of new T cells is not essential to the repopulation of SLO.

What mechanisms may be operating behind lymphocyte redistribution in
the course of different phases of CR-RF? Emigration out of LN is typically
mandated by downregulation of S1P1 receptor on lymphocytes, and is usually
associated with acquisition of chemokine receptors and integrins such as
CXCR3, CCR5 and VLA-4 [312] that target T cells to inflamed tissues. While
micronutrients, and vitamins A and D, have been shown to be involved in
programming of lymphocytes for residence in different tissues (gut vs. skin, etc.),
so far there are no information on how a paucity of calories would influence
lymphocyte migration. However, it is likely that the same mechanism is operating
in the reversal of the initial redistribution and the release of lymphocytes back to
the SLO, and for both of these phases, GLUT-1 or other glucose transporters,
and/or amino acid transporters (like CD98) could very well be involved. An
alternative, and not mutually exclusive, mechanism would have it that upon
refeeding, SLO stromal elements [313] might secrete chemokines to reattract
lymphocytes to SLO. Studies are currently in progress in our laboratory to
discriminate between these possibilities.

An obvious question of interest in this model relates to the functional
consequences of CR-induced lymphopenia on immune defense. We and others

have shown that systemic sepsis [300], epithelial [301] and cutaneous [17]
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infections all produce substantially higher mortality in old mice on lifelong CR.
Less is known about vulnerability of mid-life animals in the course of CR
induction, or for that matter, animals that are not held within specific pathogen
free environments [46]. Certainly, hypocellular LN would delay initial priming and
expansion of effector lymphocytes and that would have the potential to adversely
impact protective immunity. This issue deserves urgent experimental attention
and currently we are investigating the role of broader antigen experience in
functional immunity during aging.

The power of CR in extending lifespan has been shown in many models
over nearly a century. However, difficult compliance regimens, reports of uneven
effects of CR in different genetic backgrounds [314] as well as reports of potential
adverse effects of CR upon certain organ systems in certain strains of mice,
including the immune system have all spurred intense search for other modalities
of nutritional manipulation, including intermittent dieting [38,216,315-317]. In light
of these efforts and our results above, it will be important to understand the
impact of these manipulations on functional immunity, to validate appropriate
modalities of CR, and to be able to properly manage induction phases of any

dietary regimens that may adversely impact functional immunity.

Methods
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Humans

Thirty-four individuals had been on CR for an average of 10 years (3-20 years).
Subjects were instructed by an experienced research dietician to record all food
and beverages consumed, preparation methods, and approximate portion sizes
for 7 consecutive days. Food records were analyzed by using the NDS-R program
(version 4.03_31), which is the Nutrition Data System for research from the
Nutrition Coordinating Center at the University of Minnesota. CR subjects
consumed a variety of nutrient-dense unprocessed foods (i.e. vegetables, fruits,
nuts, egg whites, fish, poultry, low-fat dairy products, whole grains and beans)
which supplied > 100% of the Recommended Daily Intake for all essential
nutrients. Refined foods rich in empty calories, and trans-fatty acids were avoided.
Energy intake was 30% lower in the CR group (1790+225 kcal/d) than in the
Western diet (WD) group (n=58) (2540+358 kcal/d) (p<0.0001). The percentage of
total energy intake derived from protein, carbohydrate, fat and alcohol was 22%,
51%, 27% and 0.2%, respectively in the CR group and 17%, 48%, 34% and 1% in
the WD group. Height was measured without shoes to the nearest 0.1 cm. Body
weight and venous blood samples were taken after subjects had fasted for at least
12 hours. Total body fat mass and fat free mass were determined by dual-energy
X-ray absorptiometry (DXA) (QDR 4500, Hologic, Waltham, MA). The human study
was approved by the Human Studies Committee of Washington University School

of Medicine, and all participants gave informed consent before their participation.
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Mice

All mice were C57BL/6 and were purchased from Jackson Laboratories and held
under specific pathogen-free conditions in the animal facility at the University of
Arizona (UA) for life. All experiments were conducted by guidelines set by the UA
Institutional Animal Care and Use Committee. Thymectomies were carried out in-
house (cohort 1) or at the Jackson Laboratories (cohort 2), with superimposable
results between the cohorts. Upon necropsy, we validated lack of thymus in all

ATX animals.

Calorie Restriction

Mice were introduced to caloric restriction by first switching to the NIH-31 fortified
formula in the form of 3-gram pellets. In a stepwise manner mouse were
acclimated to two pellets per day to allow for acclimation to the change in food
access (6 grams/mouse), followed by a second- and third-week reduction to 4.5
g/mouse and 3 g respectively. Ultimately, mice were reduced to 2.4 g a day,
resulting in approximately a 40% reduction of food intake (in our hands mice
averaged ~3.5 g of ad libitum chow a day) that translated to approximately 20%
weight loss. This diet was maintained until approximately 20% weight loss, over a

period of two months.
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Leukocyte Isolation

At the end of study or at selected time points, mice were euthanized by
isofluorane. Spleens, brachial and inguinal lymph nodes, and thymi were
collected into ice cold RPMI and accutase treated for 30 minutes at 37 C and
mechanically disassociated through 40 um nylon filters and re-suspended in
RPMI supplemented with 5% fetal bovine serum (FBS). Bone marrow was
obtained from femur, tibia, and fibula, by clipping the ends of the bones and
pushing PBS through to dislodge marrow. Marrow was then pushed through a 40
um nylon filter with a rubber plunger of a 3 cc syringe? and re-suspended in
RPMI supplemented with 5% FBS. Blood was obtained by retro-orbital bleeding
from living, anesthesia-free mice. Red blood cells were hypotonically lysed.
Isolated leukocytes were then quantified on a Hemavet 950 (Drew Scientific, US)

and put into 96-well plates for flow cytometric staining.

Flow Cytometry (FCM)

Prior to each collection, voltages were manually calibrated to a common template
using Rainbow Beads (BD Biosciences, San Jose, CA, USA), to insure accurate
MFI tracking over time. Cells were treated with antibody for CD16/CD32 (BD
Biosciences) and then against antibodies for CD3 (17A2), CD4 (RM4-5), CD8a
(53-6.7), CD19 (6D5), Mouse I-1/I-E (M5/114.15.2), Ki67 (16A8), CD49b (DX5),
CD25 (PC61) (BioLegend, US), NK1.1 (PK136), CD44 (IM7), CD62L (MEL-14)
(ThermoFisher, US). Staining occurred at 4C followed by fixation and

permeabilization (BD Cytofix). Fluorescence minus one (FMO) controls were
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conducted to determine gating schema. Samples were run on a Fortessa Flow
Cytometer equipped with four lasers and using DiVa software (BD Biosciences).
Compensation and analysis were performed using FlowJo software (Tree Star,

Ashland, OR, USA).

Statistics

Statistics were performed in Prism 7.0 (GraphPad Software, La Jolla, CA, USA).
During experiments analyzing the effects of CR one-tailed Mann Whitney U tests
with equal SD were carried out between cell types of CR and AL groups based
upon the hypothesis that CR groups would have lower values compared to AL
counter parts. Two-tailed Mann Whitney U tests with equal SD were carried out
during refeeding experiments. Significance is noted as follows throughout:

ns = not significant, ***P < 0.0001, **P < 0.001, **P < 0.01, *P < 0.05. All error

bars shown are SEM.
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CHAPTER 6. DISCUSSION AND CONCLUSIONS

“The more | read, the more | acquire, the more certain | am that | know nothing.”

— Voltaire

The purpose of this dissertation was to frame two studies regarding
nutritional intervention and chronic infection as environmental pressures that
have great impact on lifelong immunity. Optimal nutritional manipulation at the
appropriate age windows have the potential to improve host immune function,
health span, and longevity. Alternatively, immunological memory and exposure to
infectious pathogens and the presence, or lack of, commensal species, can
establish a beneficial level of inflammation and subsequent immune protection or
chronic inflammation resulting in disease.

Environmental pressure has been used as an all-encompassing term to
describe any non-germline encoded influence on the host. These pressures, as
discussed, can be derived from factors that include, but are not limited to,
infection, diet, the host microbiota, and the viral metagenome. The data
presented in Chapters 4 and 5 explored the separate effects of CR diet and
lifelong infection upon host immunity. Specifically, periods of CR induced
leukocyte redistribution and reorganization and lifelong CMV infection results in a
maintained inflammatory response in adipose that could dysregulate glucose

metabolism. Here, will be speculated possible reasons why these phenotypes
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occur and experiments that may provide deeper insight to mechanisms driving

them.

Why Adipose?

A significant contribution of this dissertation is the identification of adipose
tissue as a potential viral reservoir for the maintenance of mCMV genome during
lifelong infection. Viral persistence has previously been established
predominantly within the salivary glands and lungs [67]. From the cellular
standpoint, the virus is believed to persist in hematopoietic progenitors, myeloid
cells in the bone marrow (and their progeny), as well as in endothelial cells
[233]. Considering the data presented in Chapter 4 of this thesis, several
guestions require consideration. Why is adipose tissue infected by CMV? Why
does CMV infection (detectable or undetectable) result in accumulation of viral
specific T cells? Why is hyperglycemia associated with this inflammatory status
and is it potentially harmful?

The salivary gland and lungs seemingly offer obvious advantages to the
virus, because of their clear potential to mediate viral spreading to new hosts via
transmission through with bodily fluids. However, adipose tissue does not seem
positioned to provide this same benefit. So why would adipose be infected? Two
possibilities arise to explain the presence of virus, and therefore infection, in
adipose. First, CMV in the adipose tissue could be the result of trafficking of
infected monocytes into the tissue, with the viral load effectively controlled by

CD8 T cells, and then infection reestablished by a new wave of infected
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monocytes from peripheral tissues by continuous trafficking. mCMV genome was
detected in the acute (3d p.i.; Figure 2) and chronic (10 months p.i.; Figure 10)
following systemic (i.p.) infection. This would suggest that the maintenance of T
cells in adipose tissue is dependent upon bona fide infection and not acting as a
generalized sink for pathogen specific T cells after antigenic clearance as
demonstrated in the salivary gland for mCMV [76] and for mesenteric adipose
tissue for pathogens such as Toxoplasma gondii and Y. pseudotuberculosis
[275]. Detection of viral genomes in mice 10 months post infection could
potentially be due to infected monocytes trafficking into adipose tissue (outside-in
model). Monocytes are called to sites of primary infection and reactivation
through the usurpation of inflammatory responses. MCK2 derived from CMV and
inflammatory molecules generated during an immune response attract
monocytes, providing basis for an internal spread mechanism [265,318]. In
addition, monocytes continually seed adipose tissue for the purposes of tissue
remodeling under normal conditions [319]. Coupled together, these data raise the
possibility that adipose tissue infection is a byproduct, but ultimately a desirable
outcome for the virus, during the CMV infectious lifecycle and latency in myeloid
precursors. Against this possibility, however, are the data from the infection of
CCR2-KO mice (Figure 9). These mice lack circulating monocytes that would
ultimately respond to MCK2 and to inflammatory cues generated by mCMV
infection in the periphery. Because we have seen clear evidence for CMV-
specific T cell accumulation in this model, this would argue that infection of

adipose tissue is not a result of continued monocyte seeding. However, during
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these experiments CMV was undetectable within bulk adipose tissue. This could
be due to low, below the detection level, of true infection of the adipose tissue, an
explanation we favor over the possibility that CMV-specific CD8 T cells randomly
distributed to the adipose tissue and stayed there.

As an alternative explanation, to the outside-in model, it is possible that
resident adipose tissue cells, such as resident leukocytes, pre-adipocytes,
mesenchymal stem cells, vascular endothelial cells, and/or others are, in fact,
bona fide viral reservoirs that maintain viral genome and contribute to reinfection
of peripheral tissues in the host (inside-out model). Adipose tissue has inherent
characteristics that would seem to provide support of the inside-out model during
CMV infection. First, adipose tissue is enriched with progenitor cell populations
[320]. Pre-adipocytes and adipose derived stem cells have the potential to
provide the preferred progenitor type cells that maintain HCMV genomes [103].
Furthermore, CMYV alters lipids in infected cells in order to produce progeny
[278,321] and adipocytes are the primary lipid storing cell in the host, which could
provide a benefit to infection. As discussed above mice lacking CCR2 had a
maintained mCMV-specific T cell population during acute and memory time
points post infection. This would suggest that, although it needs to be more
stringently tested, that viral antigen was able to enter adipose tissue at some
time via an alternative spread mechanism (possibly neutrophils or cell free virus).
Furthermore, data from Figure 10 suggest that the mCMV genome is maintained
at a higher level in CD45- compartment of adipose tissue when compared to

CD45+ cells. That non-hematopoietic cells in the adipose (pre-adipocytes, stem
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cells, endothelial cells, etc.) are responsible for maintaining virus would be in line
with current understanding of CMV latency [277,322,323]. As these cells are truly
resident to adipose tissue, this would suggest that virus is maintained in situ and
potentially released upon differentiation of progenitor cells within adipose, as
seen in CD14 and CD34 differentiation in tissues. The above data seemingly
favor the inside-out model of viral maintenance, possibly suggesting that latently
infected CD14 and CD34 monocytes in the periphery and bone marrow are
infected as a result of adipose tissue viral release.

A simple experiment to test these hypotheses would be characterization of
flow sorted cell populations at different time points (24 hours, 3 days, 7 days, 30+
days post infection) and determine which cells are carrying CMV genome
through PCR [324]. However, this is time intensive and dependent upon very
stringent isolation of cell populations. Alternatively, the use of an mCMV
expressing Cre recombinase under the control of IE1, which has recently been
developed (unpublished data), could reveal spread kinetics and cell dynamics.
Using this virus and infecting Ai9 mice, which have tdTomato floxed into the
ubiquitous ROSA locus [325], it would be possible to trace infected cells in a
longitudinal fashion by flow cytometry and pinpoint what specific cells are
infected at a given time. These characterization experiments will undoubtedly be
affected by route of infection and therefore require multiple experiments exploring
differences in route of infection [67,326—329]. Comparisons of olfactory, i.p.,
breast milk, salivary//oral and in utero infection will be necessary to fully

understand the consequences of natural infection and if the phenotypes
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described in Chapter 4 hold across all routes, given reported differences on viral
load and cellular dissemination dynamics in vivo.

The above experiments will establish what cells are infected through the
various routes of infection. The next logical step would be to determine the
contributions of individual cell populations to the maintenance of T cells in
adipose and the manifestation of hyperglycemia. There are currently no good
models for depleting adipose tissue specific cells. Compounding this gap in
technical ability is antibodies that do not seem to penetrate adipose tissue, as
demonstrated by intravascular staining, ruling out antibody depletion. Knockouts
or knockdowns of adipose tissue constituents could be used, but these may alter
metabolic development and host health, making it hard to delineate mCMV-
specific associated alterations in glucose metabolism. One potential strategy, in
the face of these concerns, would be targeted disruption of the virus instead of
host cells. Utilizing cell specific Cre recombinase expression in combination with
a suicide mCMV mutant (potentially by floxing replication required gL and IE1
genes; named mCMV-flox here for descriptive purposes) could constrain viral
tropism and allow for pointed, cell-specific, interrogation of the phenotypes seen
here.

One specific experiment utilizing mCMV-flox would be infecting a mouse
that expresses Cre recombinase under the control of apelin receptor [330-333].
Apelin receptor is expressed on the vasculature in vessels that are less than 50
pm in diameter as found in skeletal muscle, white adipose tissue, and brown

adipose tissue [330]. CCR2 was not required for activation and maintenance of
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anti-viral CD8 T cells within adipose tissue, suggesting that circulating monocytes
were not required for viral spread. It is possible that cell free virus enters adipose
tissue from the circulation via infection of endothelial cells. Given the structure of
adipose, the vascular endothelial cells could be a prime target for infection and
spread into adipose tissue and may act as a barrier for pathogenic entry into
adipose. HCMV triggers vascular growth (angiogenesis) through several
mechanisms (reviewed [334]) and may provide a method of entry and viral
dissemination into adipose. One potential hypothesis is that CMV infection
results in activation of the vascular endothelium to promote angiogenesis to grow
potential cell targets and expand further into tissues for a boost in infection.
Therefore, infecting mice that express Cre recombinase driven by Apelin receptor
(AplIn-Cre) with mCMV-flox should prevent complete replication of mCMV in
adipose tissue endothelial cells and potentially angiogenesis into adipose tissue
specifically. Following infection of ApIn-Cre mice, the first step would be to
determine if CMV is detected non-vascular endothelial SVF cells of adipose
tissue through flow-sorted PCR. The working hypothesis here is that creating a
replicative dead-end for mCMYV in vascular endothelial cells should prevent
further angiogenesis and subsequent spread of CMV into additional SVF cells.
Next, analysis of adipose tissue SVF in order to detect mCMV-specific T cells
and leukocyte infiltration, both of which are expected to be absent, would reveal if
viral replication in vascular endothelial is required for lymphocyte accumulation.
Finally, it is possible that infection of the SVF after endothelial cells results in the

production of cytokines and subsequent activation of the immune system leading
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to hyperglycemia. Therefore, Alpn-Cre mice infected with mCMV-flox may not
present these phenotypes. This would suggest that the vascular endothelial cells
within adipose tissue are the so-called gate keepers of systemic inflammation.

A second contribution of this dissertation is the identification of a sustained
CDS8 T cell response in adipose tissue that could potentially link correlative
studies of HCMYV infection with the manifestation of cardiovascular diseases that
have included high blood pressure and type 2 diabetes [335-337]. CMV
infection, in our hands, was accompanied by hyperglycemia, in a time dependent
manner. It remains unclear as to why hyperglycemia would occur in response to
CMV infection. Anti-viral induced interferon response has been linked to
decreased insulin sensitivity during acute infection, but dependent upon skeletal
muscle [338]. Furthermore, ‘stress’ induced hyperglycemia has been suggested
as an evolutionarily acquired strategy to improve immune effector functions [339].
Perhaps elevated fasted blood glucose levels have a simple explanation. T cells
require glucose to carry out their effector functions, the presence of a chronic
pathogen requires a prolonged T cell response to maintain host health, therefore
the host requires elevated glucose to feed T cell reactions. In order to test if this
is a physiologically conserved mechanism, a side-by-side comparison of blood
glucose during other chronic herpesvirus infections or acute infections with other
viruses could be carried out.

It should be noted that the C57BL/6 mouse strain is inherently Thl
skewed in comparison to BALB/c mice that are slanted towards Th2 immune

responses. Moreover, the C57BL/6 strain is genetically predisposed to increase
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their body weight and trunk adiposity during their lifespan, possibly predisposing
them towards increased fasted blood glucose during chronic inflammation. Male
mice average approximately 25 grams in adulthood and increase to 45 grams in
old age with a normally distributed increase in visceral adipose tissue. These
genetic factors could have potential consequences for metabolism and antiviral
defense and it would be of value to carry out these experiments in different
genetic backgrounds, such as mice of the Collaborative Cross [340]. The key
observations of Chapter 4 suggest the hypothesis: lifelong cytomegalovirus
infection elevates the risk for developing hyperglycemia but require additional
stressors that could be linked to genetic background, dietary make up, and other
behavior. This might, in part, explain why studies regarding HCMV infection
suggest a role for gender, racial, and socioeconomic factors when analyzing
CMV correlated metabolic dysregulation [341].

A third contribution of this section of the dissertation is the revelation of the
role infection plays within adipose tissue. Obesity rates, and increased adiposity,
in the Westernized world continue to increase along with accompanied metabolic
perturbances such as type 2 diabetes and hyperglycemia. Therefore, it is
important to consider what interconnectedness, if any, there is between chronic
infection and adipose tissue inflammation. A few pathogens have been identified
as infecting adipose tissue to date including, Chagas Disease [225], adenovirus
36 [228], and HIV [260], and several pathogens are known to induce an adipose
tissue T cell response [275]. The data here suggest that CMV fall in the former

category given the detection of mMCMYV genome in chronic time points post
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infection. It is reasonable to believe that infection and memory T cell
accumulation could have potential consequences on adipose tissue inflammation
in conjunction with lifestyle choices. The data presented in Chapter 4 represent
an advancement in our understanding of the consequences of lifelong CMV
infection and chronic adipose tissue inflammation. It is very important to take
caution when interpreting these data, because at this point this is neither a claim
that CMV infection results in the metabolic syndrome nor that hyperglycemia
associated with infection is ultimately deleterious to host health.

The metabolic syndrome is a state in which three of the following are
present: high blood pressure, high blood sugar levels, excess fat around the
waist, elevated triglycerides, low levels of good cholesterol [342,343]. Blood
pressure was not analyzed in this study, but it is reportedly elevated in CMV
infected humans [335]. Blood sugar levels were elevated in this study (Figure
15), but there was no alteration in adiposity of the mice when compared to
uninfected controls (Figure 8). Triglycerides were elevated in the blood plasma of
infected animals but there was no change in total cholesterol (Figure 16). These
phenotypes fall short of the three required criteria to claim the onset of metabolic
syndrome. Therefore, this study would benefit from more intensive metabolic
assays that include an analysis of blood pressure and a determination of the
types of triglycerides and cholesterol in infected plasma through mass
spectrometry.

Although this study does not conclude that lifelong mCMV infection results

in the manifestation of the metabolic syndrome it, at the very least, suggests an
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increased risk for developing hyperglycemia, or perhaps increased lower limit of
blood glucose, that is correlated with adipose tissue inflammation in response to
a communicable pathogen. Abrogation of this inflammation through the

experiments described above could potentially reveal the mechanistic trigger of

such a phenotype, if dependent upon adipose tissue leukocyte responses.

Feeding Immunity?

CR and certain methods DR are linked to decreased inflammation and in
certain cases increased health span and longevity, reduced adverse effects
during cancer chemotherapy, and potential cognitive regeneration [344,345]. It is
possible that these consequences are dependent upon decreased immune
activity and function because of decreased peripheral quantity of leukocytes and
ability to activate in the face of diminished cellular fuel sources (decreased
glucose, amino acid, etc. availability) (Table 2 and Figure 21). Therefore, it is
necessary to more fully understand these potential defects (decreased immune
cell activity and number) and to reverse them in order to reap the benefits of CR
(increased longevity and health span). Chapter 6 is an attempt to address these
issues and further characterize a modality of CR in the context of the middle age
of a mouse.

The significance of this work in the context of the CR and DR literature is
the expansion of the physiological effects that this specific dietary method has on
immune cell mobilization and reorganization. Perhaps one of the most unique

and interesting phenotypes described in this work is the sequestration or
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protection of leukocyte subsets in the bone marrow (Figure 21). Is the bone
marrow truly protective or is it a site of influx and protection during periods of
short-term starvation? Short-term starvation experiments have demonstrated a
phenotypic change in bone marrow adipose tissue (BMAT). Paradoxically, these
adipocytes increase in number during periods of starvation whereas their
peripheral counterparts diminish [346—348]. This raises the question, why are
adipocytes broken down into energy in peripheral tissues whereas these bone
marrow residents increase in number? Furthermore, is increased bone marrow
adipogenesis during starvation linked to leukocyte protection and/or mobilization
to bone marrow? One potential explanation could involve the 3-adrenergic
receptor pathway. During periods of starvation increased sympathetic nervous
system (SNS) signaling through norepinephrine and epinephrine have been
suggested to activate 3-adrenergic signaling pathways and lead to increased
adiposity in the bone marrow. Blocking this pathway results in decreased bone
marrow adiposity during periods of short-term starvation [349]. Furthermore,
blocking B-adrenergic signaling prevented downregulation of glucose
transporters and maintained glucose influx in activated tumor infiltrating CD8 T
cells [350]. Therefore, mice subjected to CR in this model should be treated with
B-adrenergic agonists to see if survival of bone marrow leukocytes is maintained.
The expectation would be that B-adrenergic agonism would prevents the
accumulation of adipocytes and potential energetic fuel for cells that are
sequestered to bone marrow during starving period. Taken together, this could

suggest that any lymphocytes within bone marrow, or those that traffic there,
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would be metabolically suppressed and perhaps not require much nutritional
resources. In combination with increased adipogenesis of BMAT, this could
provide sufficient survival signals and cellular building blocks for long-term
maintenance of T cell subsets in bone marrow upon CR.

This study did not address the consequences of leukocyte reorganization
on functional immunity during periods of starvation and during the period of
refeeding (Figure 24). Furthermore, this study did not measure any
consequences on the health span or lifespan of the treated mice. Therefore, an
obvious and reasonably straightforward experiment would be to induce the two-
month period of CR, followed by refeeding of two months and measuring any
alterations lifespan of mice and make measures of frailty (plasma IL-6 levels, fur
graying, body fat accumulation, and gait). One of the major drawbacks of the CR
and DR methods studied to date are the deleterious effects to adaptive immunity
[15,300]. Therefore, after employing this two-month fasted and two-month refed
model, one would want to measure immune function - cytokine production
following PMA/lonoymcin stimulation, and response to acute challenge with
Listeria monocytogenes as a model pathogen at day 0, day 7, and two months
post refeeding - during initial starvation and at different points of the refeeding
stage (day 7 and two months post). Infection with Listeria monoytogenes as the
model antigen would provide insight into a largely CD8 T cell mediated response
[351]. Comparing the T cell response to infectious challenge at different times
during the refeeding phase would be insightful as the consequences of clonal

expansion and cytokine production during these phases would be markedly
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different, with the expectation that cells at day 7 post refeeding period would be
better responders to bacteria than at day 0. Such experiments could provide
guidance to patient undergoing their own fasting or using CR modalities during
the manifestation of disease.

It is obvious that there is a lot of room for further investigation of the
nutritional impact and the restriction of nutrition on the function of immunity and
health implemented by different CR or specific DR modalities. Furthermore, given
the breadth of different types of caloric sources, access to food, and general
population health, it becomes necessary to understand the impact of various
dietary modalities in research. It will be of interest to explore to what extent these
complex and real-life diets impact immune cell migration and function in defense

against microbial pathogens.
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EPILOGUE

“There's no limit to how complicated things can get, on account of one thing

always leading to another.” — E.B. White
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