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CHAPTER 1

Introduction

Obesity and Influenza

Obesity has become a major health concern in the United States with over 60% of the
Americans currently being overweight or obese. It increases the risk for a number of
disorders such as cardiovascular diseases, metabolic syndrome and Type |l diabetes. It
also exacerbates respiratory disorders such as chronic obstructive pulmonary disease
and asthma. While it is known that obesity causes chronic low-grade inflammation and
alters immune responses, how it affects immune function during infections is not clearly
understood. Apart from the physical issues that may arise due to obesity — lowered lung
capacity, decreased mobility etc. — obesity directly influences immune responses in the
lungs. Since a robust pulmonary immune response is required for successful clearance
of influenza virus upon exposure, such an effect can be dangerous to the individual and
increase risk of infection. Previous studies have explored the link between obesity and
Clostridium difficile and H1N1, H5N1 and H3N2 influenza virus infections’?3#4. These
studies demonstrated a role of obesity as an independent risk factor in these infections.
Influenza causes approximately 36,000 deaths in the United States every year and obese
individuals appear to be at greater risk of infection by the virus®®. Studies have
demonstrated increased mortality, poor clinical outcomes and longer recovery times for
obese patients. Murine studies have shown that obesity profoundly impairs vaccine
protection against H1IN17. Obesity also affects heterologous immunity against different

influenza virus strains®. Dendritic cell impairment, poor antigen presentation, impaired
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CD8* T cell function and reduced NK cell cytotoxicity all have been implicated in these
worsened outcomes? 19111213 Molecules such as leptin and adiponectin that are altered
by obesity have been suggested to induce some of the differential outcomes'#'5. Recent
studies have found that obesity affects the metabolic profile in the lungs and it has been
suggested that this potentially contributes to impaired immune responses'®. However,
several of these studies were correlative in nature, or had small sample sizes and did not
closely investigate the role of macrophages. Among the different cell types that modulate
pulmonary immunity, alveolar macrophages (AMs) are particularly important because
they not only initiate immune responses but also prevent excessive inflammation™.
Cytokines secreted by AMs during initial stages of infection, especially type | interferons
such as interferon-a (IFN-a) and IFN-f3 and IL-6 are essential for clearance of viruses that
infect the respiratory tract. Type | interferons can influence dendritic cells and thus
indirectly impact T cell activation. The secretion of these cytokines by AMs is thus not only
important for initial innate immune responses, but also crucial for proper adaptive
immunity. Hence it is important to understand how AM functions are altered during obesity.
So | decided to examine how obesity affects immune responses to influenza A virus
infection using diet-induced obese mice while focusing on the role of alveolar

macrophages.

Rationale

Alveolar macrophages (AMs) are the first line of defense against respiratory pathogens.
They phagocytose invading pathogens, recruit other cells of the immune system such as

neutrophils and NK cells to the lung and secrete cytokines that help to eliminate the



invader!®. They also keep other cell types of the immune system in check to avoid them
from generating an overwhelming immune response, which can be detrimental to the
host!®. During the last decade, specifically after the HLN1 strain influenza pandemic of
2009, evidence has emerged to demonstrate that obesity increases the risk for infection
by influenza A virus?9212223  Qbese individuals were hospitalized at a higher rate
compared to their lean counterparts?*. They also responded poorly to vaccination and
had worse outcomes with longer hospitalization time and increased mortality?>2,
However, how obesity affects immune responses in the lungs against influenza is
incompletely understood. Hence it is of paramount importance to study the underlying
factors that contribute to this enhanced susceptibility to infection and disease. | propose
to investigate how AMs influence immune responses to influenza virus infection during
obesity. | hypothesized that obesity impairs AM function and this contributes to suboptimal

immune responses to influenza virus infection.

Impact of obesity on alveolar macrophage responses during influenza virus
infection

| hypothesized that obesity alters AM polarization and this contributes to worsened
outcomes in obese individuals. To further test this hypothesis, | (i) Evaluated the
inflammatory properties of AMs (pro- vs anti-inflammatory) during influenza virus infection
in obese and lean mice. (ii) Depleted AMs and evaluated progression of infection and

response to the infection in both groups.



Mechanism

How does obesity modulate alveolar macrophage responses to influenza infection?

Once | determined the extent to which obesity influences AM responses, | focused on
elucidating the mechanism. AM development and function require activation of the
nuclear receptor peroxisome proliferator-activated receptor gamma (PPAR-y)?’. It affects
AM polarization, overall inflammatory responses and outcomes during bacterial
infection?829.3031 The surface signaling molecule Galectin 3 (Gal-3) that plays important
roles in immune regulation activates PPAR-y and drives alternative activation of
macrophages??33, Hence | hypothesized that differential PPAR-y activation in obese AMs
induced by Galectin 3 (Gal-3) could be a reason for the observed change in overall
immune response. Both Gal-3 and PPAR-y have been shown to influence TLR
signaling343°36.37. Hence a change in these key molecules along with the chronic low
grade inflammation in obese individuals could lead to dysfunctional Toll-Like Receptor
(TLR) signaling by AM38. | hypothesized that obesity causes TLR desensitization, which
impairs their ability to initiate an optimal immune response during infection. To test these
possibilities, | decided to: (i) Modulate PPAR-y activation status chemically using ligands
and assess infection outcomes. (ii) Stimulate TLRs on AM using specific ligands and
compare how prior stimulation of TLRs affects alveolar macrophage responses to
respiratory challenges in obese and lean mice. If the worsened outcomes in obese
individuals during infection are regulated via TLR or PPAR-y dependent mechanisms,
therapeutic intervention using small molecule modulators of these key regulatory proteins

will be possible.



Alveolar Macrophages

Since AMs initiate as well as regulate immune response to respiratory pathogens, it is
crucial to understand to what extent their response is modulated by obesity. Further,
whether a cell type is beneficial (or detrimental) is important from a therapeutic point of
view. Hence | decided to address these questions by determining the extent to which

obesity affects alveolar macrophage responses during influenza virus infection.

| also decided to delve into the mechanistic aspects and delineate how obesity potentially
modulates AM responses to influenza virus infection. Knowledge of the mechanism will
provide new insight on effects of obesity on the pulmonary immune system and immune
responses to respiratory infections. This work is also of clinical relevance because, should
our hypothesis be confirmed, worsened disease outcomes during obesity could be
alleviated by targeted activation or suppression of AMs. If the differential outcomes in
obese individuals during infection are mediated/regulated via TLR- and/or PPAR-y-
dependent mechanisms, small molecule modulators of these key regulatory proteins may

be used therapeutically.

Obesity affects immune cell functions, but little is known about its effects on key metabolic
processes within the cell type such as fatty acid oxidation, lipolysis, glycolysis and
oxidative phosphorylation. This is relevant since it has been shown that macrophages as
well as T cells use lipolysis as a mechanism to differentiate into cells with specific
inflammatory phenotypes. AMs, like other subsets of macrophages, can exhibit a
predominantly pro-inflammatory (M1) or anti-inflammatory (M2) phenotype®26364 While
M1 macrophages use glycolysis as their predominant source of energy, oxidative

phosphorylation is used by M2 macrophages to a greater extent. M1 macrophages are
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associated with higher levels of IL-6 and TNF-a production and have a higher
iINOS/Arginase ratio, whereas M2 macrophages are typically characterized by higher
levels of CD206, CD163 and prostaglandin E2 production, and a lower iNOS/Arginase
ratio3%4%41. Macrophages increase lipolysis to enhance fatty acid oxidation to assume an
M2-like phenotype*2. For CD8* T cells, lipolysis is essential to progress into a memory T
cell phenotype*3. Evidence from multiple studies also indicates that excessive lipids
accumulated in the bloodstream due to a high-fat diet can circulate to the lung and taken
up by resident cells such as AMs. Such metabolic changes can alter pulmonary immune
responses in otherwise healthy, wild type (C57BL/6) mice. For instance, mice fed with a
high cholesterol diet had a lesser degree of migration of peripheral mononuclear cells
(PMNs) to the lung in response to lipopolysaccharide (LPS) as well as the bacterium
Klebsiella pneumoniae, and were diminished in their ability to clear bacteria from the
lung#+4%46_| believe that investigating the metabolic differences between AMs from obese
and lean mice elaborates the reason behind the AM phenotype change (there are more
M2-like AMs in mice fed a high-fat diet) and this could be a cause for increased
susceptibility to influenza. It will also highlight the role changes in cellular metabolism play

in immune responses to infection outcomes.

This project is one of the first to address the mechanism by which obesity alters alveolar
macrophage responses. Considering the magnitude of the current obesity pandemic and
the extensive way in which it influences the immune system, it is imperative to study how
obesity affects immune responses to infections. Here | used diet-induced obese (DIO)
mice in a C57BL/6J background (fed a 60% fat diet) and mice from the same background

fed a regular low-fat diet for the experiments. This is the favored model as compared with



mice or rats genetically altered to induce obesity (such as the ob/ob mice) because
metabolic parameters like glucose tolerance and insulin resistance in the former model
mimic human obesity more closely*”#8. Moreover, while many of the mutations used to
genetically induce obesity in mice are not relevant to humans, diet induced obesity is
more similar to the human scenario. The influenza A virus used in this study is a mouse-
adapted H1N1 strain (PR8). The use of this mouse model and this virus strain is ideal as
the responses and outcomes upon infection are similar to those observed in humans. |
hypothesized that obesity induces changes in AM polarization and consequently impairs
initial immune responses against the virus. This potentially leads to dampened adaptive
immunity as well and thus contributes to worsened disease outcomes. | expect that this
project will bridge the gap in our knowledge of how obesity affects pulmonary immune
responses. While many of the techniques | used in this project are employed by our
laboratory and other researchers to study either obesity or infections, | integrated them

into a combined obesity-respiratory infection context.



CHAPTER 2

Materials and Methods

The aims span the broad theme of alveolar macrophage responses to influenza virus
infection during obesity and are planned to understand: (1) the extent to which obesity
influences AM responses to influenza virus infection, (2) how obesity modulates AM

responses to infection.

Model system and diet

For all infection experiments, unless otherwise stated, C57BL/6 wild type male mice of 14
weeks (18 weeks for some studies) of age were used. High-fat diet feeding started when
the mice were 6 weeks old, and they were kept on diet for 8 weeks before being infected
with influenza virus PR/8 strain. The viral dose of infection was set at 6.5 x 10° PFU of
Influenza A/PR8 virus diluted in PBS. This number was arrived at from literature searches
as well as my own pilot experiments to obtain the optimal amount of virus that would
induce an effective immune response without causing serious mortality in low fat diet-fed
control mice. Alveolar macrophages respond early upon intranasal challenge, and hence
cytokine profiles, phagocytosis etc. were measured at time points 24 h & 48 hours post
stimulation. Power analyses were performed using differences in values between the
different experimental groups that were inferred to be physiologically relevant from
previous experiments and as reported in the literature. For all experiments, the number
of animals required in each group was five or less. Hence n = 5 was used for most

experiments. For statistical analyses of differences between obese vs lean groups, a two-



tailed Student’s t-test was used to determine significance. Analysis of Variance (ANOVA)

was also used to compare data across lean and obese groups with or without infection.
Impact of obesity on alveolar macrophage responses to influenza virus infection

Under this aim, | investigated whether AMs contribute to immune responses against
influenza virus and to what extent this response is altered by obesity. Alveolar
macrophages are crucial for clearing influenza infection. AMs phagocytose influenza virus
and influenza-infected cells to eliminate infection. They also secrete pro-inflammatory
cytokines such as IFN-a, TNF-a, IL-1B, IL-6, IL-12 and chemokines such as CCLS5,
CXCL10 and CXCL8, which help to recruit other cells of the immune system such as
neutrophils and NK cells to the site of invasion®®€. A change in cytokine/chemokine
secretion due to obesity can hinder effective clearance of viruses. Under this Aim, |
measured the extent to which obesity influences inflammatory and phagocytic responses

of AMs.

Impact of obesity on pro-inflammatory vs anti-inflammatory properties of alveolar

macrophages:

How does obesity affect the pro-inflammatory vs anti-inflammatory properties of alveolar

macrophages? Pro-inflammatory cytokines produced by AMs such as IFN-a, TNF-a, and

IL-6 are necessary for clearance of viral infections. AMs not only secrete pro-inflammatory
cytokines and chemokines during the initial stages of the immune response, but they also
suppress other cell types such as DCs and T cells from causing excessive inflammation,
by producing nitric oxide (NO), prostaglandins (PGs), IL-10, transforming growth factor-3
(TGF-B) and other cytokines that induce tolerance. They maintain this balance so that

invading pathogens are effectively cleared without immune responses becoming overly
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detrimental to the host. | wanted to understand whether obesity causes increased
susceptibility and worsens outcomes by tampering with this balance. In order to answer
this question, AMs were isolated from diet-induced obese and lean mice by
bronchoalveolar lavage or density gradient centrifugation of whole lung homogenates (the
latter contains both AMs and interstitial macrophages [IMs]). This population of cells were
used to quantify levels of IFN-a, TNF-a, IL-6 and IL-10 using Flow Cytometry and ELISA,
and comparisons were made across samples. If the AMs from obese mice produce lower
amounts of pro-inflammatory cytokines and chemokines as compared with the lean
group, a lack of robust immune responses during the initial stages of infection could result
in poor clearance and increased susceptibility to the virus. To evaluate macrophage
polarization, the AMs were isolated from obese and lean mice by BAL and stained with
fluorescent antibodies against F4/80, CD11b, CD11c, MHCII, Gal-3 and CD206. The
phenotype of these cells was evaluated using flow cytometry. F4/80* CD11b'> CD11c*
MHCII" CD206" cells are typically M1 macrophages (pro-inflammatory) and F4/80*
CD11b® CD11c* MHCII® CD206* cells are M2 AMs with a predominantly anti-

inflammatory phenotype.

Are alveolar macrophages in obese mice protective or pathogenic?

Depletion of alveolar macrophages:

The predominant role AMs play depends on the context of the infection. Hence it is
important to know whether obesity alters AM phenotype to impair them, or worse, drive
them to be pathogenic. To address this question, lean and diet-induced obese mice were
intranasally challenged with clodronate or PBS liposomes. Clodronate liposomes are an

effective way to selectively deplete AMs following intranasal administration. AMs
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phagocytose the liposomes and the clodronate accumulates in the cell and after reaching
intracellular threshold limits, it leads to the AM undergoing apoptosis. After confirming that
AMs are eliminated (there were significantly diminished numbers of CD11b'* CD11c* cells
in the BAL as observed from flow cytometry), the mice were infected with influenza virus.
Mortality and morbidity (as measured by weight loss) scores were measured for different
groups, namely: lean with clodronate, lean with PBS, obese with clodronate and obese
with PBS, each challenged with either influenza virus or PBS. AMs are essential for
protection from influenza as demonstrated by Kim et al (2008), Schneider et al (2014)
and many others. Hence, | expected that depletion of AMs in both groups — lean and
obese — will increase mortality, suggesting that AMs are protective against influenza
infection. However, | believe that if AMs in obese individuals are functionally impaired, the
effects of depletion would be less profound in them in comparison to lean individuals. If
AMs in obese individuals are pathogenic, their depletion should improve outcomes upon

infection.
Future directions
Adoptive transfer of alveolar macrophages:

If the impairment of AMs due to obesity is the reason for increased susceptibility to
influenza, then this might be overcome by transfer of AMs that are functionally robust. To
test this possibility, one can adoptively transfer AMs from lean mice to obese mice and
vice versa. Then the recipients can be challenged with influenza virus and progression of
infection will be evaluated. If AMs in either group have their own intrinsic ability to impart
protection or pathogenicity during infection, obese mice receiving AMs from lean mice

should be able to clear the pathogen relatively more successfully. However, one major
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limitation of such adoptive transfer studies is that the microenvironment in the lungs of
obese individuals might interfere with proper AM function even though they have received

AMs from healthy donors.
Potential problems & alternative strategies:

Our studies with clodronate are expected to deplete all AM, regardless of their M1 or M2
phenotype. M2 macrophage-specific depletion may be accomplished with mannose-
coupled clodronate liposomes can be used to delineate the role of macrophage
polarization in infection. An alternative to the clodronate-based depletion strategy is
genetically engineered mice that lack lung macrophages. Since the cytokine GM-CSF is
essential for development and maturation of AMs, mice that lack its receptor (Csf2rb™")
are deficient in AMs. A limitation of this is that tampering with GM-CSF signaling alters
pulmonary immunology apart from depletion of AMs and thus could confound infection
outcomes®’. Another interesting approach is to use CD11c-DTR mice that express
diphtheria toxin receptor (DTR) under control of the CD11c promoter. Because mice do
not naturally express DTR, only cells expressing CD11c are affected by Diphtheria Toxin
(DT). This method followed by intranasal administration of diphtheria toxin (DT) has been
used as a tool previously to examine the effect of acute depletion of AMs. The caveats to
this approach are that DT could deplete other cells expressing CD11c such as dendritic

cells and that neutrophilia in lungs and spleen was observed in CD11¢c-DTR mice.
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Mechanism

Mechanistic aspects of how obesity modulates alveolar macrophage responses to

influenza virus infection:

AMs remain largely quiescent when there is no serious pathogenic challenge in the lungs.
They also prevent cytotoxic T cells and DCs from mounting a hazardous inflammatory
response against innocuous substances such as particles of dust that might enter the
lungs during respiration from time to time. AMs should initiate immune response against
pathogens but also ensure that the activation of other cells in the lungs does not send the
immune system into overdrive. AMs are able to perform these somewhat contrasting
functions because they express molecules that are involved in immune activation (pattern
recognition receptors such as TLR, and a plethora of pro-inflammatory cytokines) as well
as those that can cause immune suppression (molecules like PDL-1 and Gal-3 expressed
by AMs inhibit T effector cells). Hence, an impairment of any of these functions could
prove to be detrimental to the host. | investigated which of these processes are affected
by obesity and how they impair AM function, specifically the impact of obesity on AM

phagocytosis, TLR activation and Gal-3 expression.
Obesity and alveolar macrophage phagocytic responses:

How does obesity affect alveolar macrophage phagocytic responses to influenza virus

infection?

BAL was performed on lean and obese mice to isolate AM. These AM were then used for

phagocytosis assays as follows:

Phagocytosis of fluorescent latex beads: stained with fluorescently tagged AM markers
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to label AMs. Then, the fluorescently labeled AMs from lean and obese mice with

phagocytosed beads were compared by flow cytometry analysis.

Phagocytosis of apoptotic cells: Briefly, BAL aliquots from lean or obese mice were added
to individual wells of 24-well plates and incubated for 2 h at 37°C/5% CO.. The fluid was
then removed by suction and the adherent AM monolayer washed, then re-incubated for
18 h at 37°C/5% CO2 with fresh culture medium. At this time point, MDCK cells
undergoing apoptosis (due to UV exposure from a UV transilluminator) and stained with
MitoTracker Red, were added to the wells at a ratio of 10:1. After incubation for 2 h,
alveolar macrophages were stained with fluorescently labeled antibodies. After staining,

the cells were washed and acquired immediately using a FACSCanto Il flow cytometer.

| have obtained preliminary data, which suggest that obesity alters phagocytosis of
apoptotic cells (efferocytosis) by AMs in vitro without viral challenge. Hence, | believe
that AMs from obese mice might show differential phagocytosis of influenza virus as well.
This altered phagocytosis may contribute to the dysfunctional immune response.
Efferocytosis can often lead to immunosuppression and hence it is possible that pro-
inflammatory responses are downregulated in obese mice due to enhanced efferocytosis
by AMs. An alternate possibility is that upon viral challenge or a surrogate immune
stimulation, efferocytosis is instead impaired in obese mice, leading to worsened disease

outcomes.
Obesity and Toll-like Receptor Desensitization:

Are AMs in obese individuals functionally impaired because of Toll-like Receptor (TLR)

desensitization? TLRs are important Pattern Recognition Receptors (PRRs) that

recognize bacterial and viral components immediately to activate innate immunity. TLRs
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expressed on macrophages are crucial for their timely response. Desensitization of TLRs
on AMs often leads to enhanced susceptibility to bacterial respiratory pathogens. |
hypothesize that such a desensitization mechanism is taking place due to the chronic
inflammatory environment that ensues during obesity, which makes obese individuals
more susceptible to influenza virus infection. To evaluate AM responses to TLR
stimulation in lean and diet-induced obese individuals, | measured AM responses in vivo
as well as in vitro in lean and obese mice. First, AM from lean and diet-induced obese
mice were isolated by BAL and then challenged with different TLR ligands — Lipoteichoic
Acid (TLR2), Poly (I:C) (TLR3), LPS (TLR4) and Imiquimod (TLR7) or phosphate buffer
saline (PBS). Cytokine responses as well surface marker expression of these AMs were
also evaluated. TLR-induced cytokine levels were measured using cytokine ELISA or
intracellular flow cytometry. The cytokines & chemokines measured include: TNF-a, IFN-
a, IL-4, IL-6, IL-10. For in vivo studies, lean and diet-induced obese mice were intranasally
challenged with the TLR-3 ligand poly (I:C) or phosphate buffer saline (PBS) (for control
mice). Poly (I:C) is often used as a surrogate molecule to mimic viral infection because it
elicits cytokines responses similar to that is caused by a viral challenge. 24 & 48 hours
post stimulation, AMs were isolated from diet-induced obese and lean mice by
bronchoalveolar lavage and cytokine levels and surface marker expression was
measured.

Future directions:

To address the issue of TLR desensitization in vivo, one could use tIr3” recipient mice
that would receive AM from wild type lean or obese mice. After repopulation by donor

AMs, these mice can be intranasally challenged with the TLR3 ligand poly (I:C). Cytokine
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responses as well as phagocytosis by AM from these mice can be measured. Since none
of the other cells in the recipient animals can respond to poly (I:C) stimulation, one should
be able to detect differences in TLR3 activation in AM from lean and obese mice by this
method. The use of a tIr3” recipient should ensure that change in AM responses and
cytokine production is a result of differential TLR signaling in lean and obese AMs

themselves and not due to paracrine effects caused by TLR3 activation on other cells.
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CHAPTER 3
Results and Discussion

Obesity and infection outcomes

Diet-induced obese mice have increased morbidity and mortality during influenza A virus
infection: Similar to published studies, | was able to demonstrate that obesity results in
worsened disease outcomes during influenza A virus (IAV) infection. The obese mice had

greater weight loss and increased mortality upon infection (Figure 2).

Figure 1: Diet-induced obese

e Ot . a0 Mice have increased morbidity
and mortality during influenza A

f virus infection. Lean and Obese

\ 0 mice were infected with 6.5 x 103

PFU of IAV and followed for a

(-_)

R R e

B
0
£ g period of 9 days for body mass
;. 4 (A), and survival (B). Graphs
'o v
tg,: U _show data from one of two
, o
RN ® 9 {23456 78 9 representative experiments. N=
5 or 6 mice

Days post infection

Obesity and alveolar macrophages

Obesity leads to an increase in overall cell number in the lungs: In addition to an increase

in overall cell number, | found that obesity is also associated with a decrease in alveolar

macrophages. | found that Gr-1* CD11b* neutrophils increase during obesity. This is
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important since changes in immune cell composition in the lungs can directly impact
immune response against respiratory pathogens.

Obesity affects alveolar macrophage phenotype: AMs should initiate immune responses

against pathogens but also ensure that the activation of other cell types in the lungs does
not send the immune system into overdrive*®595152 AMs are able to perform these
somewhat contrasting functions because they express molecules that are involved in
immune activation (pattern recognition receptors such as TLRs, MHC-II and a plethora of
pro-inflammatory cytokines) as well as those that can cause immune suppression
(molecules like PDL-1 expressed by AMs inhibit T effector cells, CD206 increases
phagocytic ability, and Gal-3 induces anti-inflammatory effects)>35455, Hence impairment
of any of these functions could prove to be detrimental to the host. Obesity is known to
influence macrophage polarization in the spleen as well as adipose tissue. Hence |
investigated if it induces changes in AM polarization as well. For this purpose, | scored
the number of AMs expressing CD206, which is an established M2 marker. | also
analyzed how the expression of molecules that enhance the inflammatory pathway such
as MHC-I, IL-6, and IFN-a, and those that have anti-inflammatory effects such as Gal-3,
are affected by obesity.

Obesity leads to an increase in overall cell numbers in the lungs. It is also associated with
adecrease in CD11b' CD11c* alveolar macrophages. | found that CD206* AMs increase
during obesity (Figure 3). | also observed that obesity leads to a decrease in AMs that are
inflammatory in nature (MHC-II*, IL-6%). This is important since changes in alveolar
macrophage polarization can directly impact pulmonary immunology and the immune

response against respiratory pathogens.
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Figure 2. Obesity alters lung cellularity. (i)Total cell number and (ii) frequency of
neutrophils (Grl* CD11b") increases during obesity while the fraction of AM (CD11b'"
CD11c") decreases.
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Figure 3. Obesity affects alveolar macrophage phenotype. Flow cytometric analysis of
alveolar macrophages (CD11b' CD11c*) shows that obesity enriches M2-like (CD206")
AMs. A similar increase in AMs expressing Galectin-3, another M2 macrophage marker
is observed while the frequency of MHC-II expressing AMs decreases. Flow cytometry
dot plots show data from one of two representative experiments. n=5 mice.
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Obesity and alveolar macrophage phagocytic responses

Obesity affects alveolar macrophage phagocytic responses: AM phagocytic responses

are important in the clearance of influenza virus. Phagocytosis in general can be a
mechanism to eliminate pathogens and modulate immune responses. Previous studies
also showed that phagocytosis of apoptotic cells (efferocytosis) during infection by AMs
inhibits propagation of the virus. Hence | decided to investigate phagocytosis by AM from
lean and DIO mice at basal levels. AM were isolated and their phagocytic ability was
measured in vitro using fluorescently labeled polystyrene latex beads or apoptotic Madine
Darby Canine Kidney (MDCK) cells stained with MitoTracker Red by Flow Cytometry.
Interestingly, | found that AM from obese individuals show increased phagocytosis without
virus challenge, both beads and apoptotic cells (Figure 4). It is possible that phagocytic
responses during infection might be different from steady state conditions. However,
efferocytosis often leads to immunosuppression®6°:8, Hence whether the increased
efferocytic response seen in obese AMs contributes to impaired pro-inflammatory
immune responses needs to be investigated. Further, there have been reports of bacteria
like Listeria monocytogenes using phagocytosis by AM as a means to evade immune
surveillance and for propagation. Whether such a mechanism leads to increased spread
of the virus and thus contributes to worsened outcomes in obese individuals remains

unknown.
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Figure 4. Alveolar macrophages from
obese mice exhibit enhanced phagocytosis
of fluorescent latex beads as well as
apoptotic cells. AMs from lean or obese
mice were cultured in vitro, treated with
MitoTracker-stained apoptotic MDCK cells,
and phagocytosis was measured by uptake
of apoptotic cells as measured by
MitoTracker Red fluorescence.

Increase in efferocytosis by alveolar macrophages correlated with enhanced expression

of the protein Tim-3:
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Figure 5. Alveolar macrophages
from  obese mice show
enhanced expression of Tim-3.
AM were isolated by BAL,
stained with fluorescent
anitbodies and expression of
Tim-3 was analyzed using flow
cytometry. N =3

105
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Tim-3 is a receptor protein on phagocytic cells that mediates phagocytosis of apoptotic
cells. 1t was first discovered as a negative regulator on Thl cells. In monocytes, Tim-3 a
decrease in Tim-3 expression is associated with a decrease in pro-inflammatory cytokine
IL-12. A subsequent blockade of Tim-3 results in decreased levels of Arginase 1 and IL-
10, both markers of M2 macrophages, and an increased expression of IL-12 and INOS
which are molecules associated with M1 activation®. Tim-3 blockade also leads to an
increase in PD-1, which negatively regulates monocyte activation®. Overall, such an
increase in Tim-3 expression could be at least in part responsible for M2-like polarization

and increased efferocytosis exhibited by AM from obese mice.

Impact of obesity on responses mediated by engagement of toll-like receptors

Obesity affects immune responses to in _vivo poly(l:C) administration: Poly(l:C) is a

synthetic double-stranded RNA (dsRNA) molecule. Since dsRNA is a key indicator of viral
replication, it is recognized by the innate immune system to mount an immediate
response against the pathogen, a process mediated by pattern recognition receptors such
as TLR-3 and RIG-I. This response involves production of type | interferons (IFN-a and
IFN-B), antiviral proteins and other pro-inflammatory cytokines. Hence poly(l:C) is often
used as a surrogate molecule to mimic viral infection. | administered poly(l:C) to lean and
obese mice intranasally and analyzed production of cytokines as well as expression of
surface proteins with key immune functions such as Gal-3, MHC-II, CD-206 and CD36.

Preliminary evidence from my experiments indicated that AMs from DIO mice have a
greater propensity to assume a less pro-inflammatory phenotype in comparison to their
lean counterparts upon TLR stimulation. It also suggested that the cytokine secretion

profiles of AMs in obese mice are more anti-inflammatory in nature. If TLR desensitization

22



is indeed occurring in obese mice, the AMs from obese mice should produce lower
amounts of pro-inflammatory cytokines and chemokines as compared to the lean group
in response to TLR stimulation.

| found that IL-6 secretion upon poly(l:C) stimulation was hampered in whole lung
homogenates and lung macrophages from obese mice (Figure 5A). This was also
associated with a decrease in production of the pro-inflammatory cytokines TNF-a and

IL-6 by AMs, as observed by intracellular flow cytometry (Figure 5B).
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Figure 6. Obesity dampens immune responses to in vivo poly(l:C) stimulation. A. IL-6
production upon poly(l:C) stimulation is hampered in obese mice as evident from cytokine
ELISA of (i) lung homogenate or (ii) cell-free supernatants from in vitro culture of isolated
lung macrophages from mice that were administered poly (I:C) intranasally. B.
Intracellular flow cytometry staining shows decreased production of pro-inflammatory
cytokines TNF-a and IL-6 by AMs.
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These results give credence to the idea that dysfunctional AM responses in obese mice
drive changes in pulmonary immunity and contribute to impaired responses against
respiratory microbial challenges. They suggest that obesity induces a change in lung
macrophage polarization, which causes impaired production of cytokines during infection.
To verify whether this change in AM responses and cytokine production was a result of
differential TLR signaling in lean and obese AMs themselves and not due to paracrine
effects to in vivo administration, | isolated AM through BAL, cultured them in vitro and
analyzed IL-6 and IL-10 production in these cells by ELISA and intracellular flow
cytometry respectively. | observed similar results showing decreased IL-6 secretion and
an increase in IL-10 production (Figure 6). These findings suggest that impaired TLR
signaling caused by the chronic inflammatory environment associated with obesity

contributes to impaired AM function and overall immune responses.

Depletion of alveolar macrophages and infection outcomes

Obesity affects alveolar macrophage responses to 1AV infection: | depleted AM in lean

and obese mice using clodronate liposomes and then infected them with HIN1 PR/8
influenza A virus. Morbidity (based on weight loss) and mortality were assessed in these

groups. It has been previously shown that AM are essential for immune responses against
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IAV. AMs are essential for protection from influenza as demonstrated by Kim et al (2008),
Schneider et al (2014) and many others. Hence, | expected that depletion of AMs in both
groups — lean and obese — will increase mortality, suggesting that AMs are protective
against influenza infection. However, if AMs in obese individuals are functionally impaired,
the effects of depletion should be less profound in them in comparison to lean individuals.
If AMs in obese individuals are pathogenic, their depletion should improve outcomes upon
infection. In my experiments as well, | observed similar results with wild type lean mice
as observed in previous studies. Lean mice whose AM were depleted using clodronate
liposomes had enhanced weight loss and mortality in comparison to lean mice that were
administered control PBS liposomes intranasally. Interestingly, obese mice that were
administered clodronate liposomes had decreased infection parameters as observed by
lesser weight loss and mortality compared to obese mice treated with control liposomes.
This suggests that alveolar macrophages in obese mice are dysfunctional (and likely

pathogenic), since their depletion in obese mice leads to improved infection outcomes.
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Figure 8. Depletion of alveolar macrophages in obese mice leads to improved infection
outcomes during influenza A virus infection. Lean and Obese mice were infected with 6.5
x 103 PFU of IAV and followed for a period of 9 days for body mass (A), and survival (B).
Graphs show data from one of two representative experiments. N=5 mice
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CHAPTER 4

Summary and Conclusions
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Figure 9. A model for how obesity affects alveolar macrophages and overall immune

responses to influenza virus infection.

Obesity increases the risk for influenza A virus infections and worsens outcomes. Alveolar

macrophages (AMs) are cells of the immune system that act as primary defenders during

respiratory infections including influenza A virus. AMs initiate immune responses against

the pathogens but also keep these responses from becoming excessively inflammatory

and thus hazardous to the host. Hence | hypothesized that AM dysfunction caused by

obesity is an important contributor to the increased susceptibility of obese individuals to

influenza virus infection. The main objective of this project was to understand in
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mechanistic detail how obesity modulates alveolar responses to influenza virus infection
by affecting AM function. To achieve this objective, | 1) determined the extent to which
obesity affects AM responses to influenza virus infection, and 2) propose a novel
mechanism by which obesity modulates AM responses to influenza virus infection. | have
found that obesity induces changes in AM polarization and phagocytic ability, and
alterations in the level of surface proteins such as Gal-3, MHC-II, Tim-3, and cytokines
such as IL-6, TNF-qa, IFN-a and IL-10 in the lung. | have discovered that AMs in obese
mice show a more M2-like phenotype (with higher CD206 expression) compared to lean
controls. AMs from obese individuals have higher levels of anti-inflammatory cytokines
and lower amounts of pro-inflammatory cytokines. This leads to alveolar macrophage
dysfunction, potentially rendering them pathogenic and worsens outcomes during
influenza A virus infection. This might not only impair immune response by AMs, but may
also prevent DCs and T cells from mounting a successful adaptive immune response and

thus delay viral clearance, further contributing to detrimental disease outcomes.

Relevance: Influenza is one of the leading causes of infectious disease-related morbidity
and mortality in the United States as well as globally. Since obesity has reached pandemic
proportions and more than one-third of Americans are obese, understanding how this
condition increases the risk of influenza virus infection will help us to develop preventive
and therapeutic strategies specific to obese individuals. This project also addresses the
impact of cellular metabolism and identification of microbial patterns by specific receptors
on immune cells during influenza virus infection in obese and lean individuals. Both of
these processes are amenable to manipulation with small molecules and hence their

study can lead to potential therapeutic applications.
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