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Abstract

Dendritic cells (DCs) are antigen presenting cells critical for the initiation of the adaptive
immune response. As such, DCs continually circulate the body to survey for foreign antigen in
the periphery. DCs encounter a milieu of environmental cues within the traversed
microenvironment that can modulate their metabolism and function during inflammation or
infection. DC signaling in response to cytokine and pattern recognition receptor stimulation have
been extensively characterized. However, DCs also encounter non-immunological cues from the
microenvironment that may contribute to the collective regulation of the immune response. A
less well studied non-immunological cue is tension exerted by substrate stiffness. In early
experiments, our collaborators observed substrate tension could modulate DC cytokine
production and activation. In response to tension, DCs also upregulated the expression of TAZ, a
transcription co-activator. TAZ is involved in mechanosensing in non-immune cell types and has
a homolog known as YAP with similar functionality, hinting that DC mechanosensing may
involve YAP/TAZ signaling. In addition, through enrichment analysis, we found that respiratory

diseases were strongly predicted to be associated with tensional changes to DC biology.

My research aims to expand on these observations using an in vitro culturing protocol
whereby bone-marrow derived DCs (BMDCs) are grown on substrates engineered to a stiffness
of 2 or 50 kPa, or on plastic only conditions. In my study, I examined whether substrate stiffness
could modulate DC antigen presentation and metabolism, as DC maturation and function are
intimately connected with metabolic changes. To study the involvement of YAP/TAZ on DC
mechanosensing in a respiratory context, we adopted an influenza model. In this model, I
examined the day 9 antiviral response in mice with DC specific deletion of YAP/TAZ after

immunization with mouse adapted HIN1 influenza. Overall, I found that BMDCs grown on
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plastic were better at activating T cells, and the effects of substrate stiffness on DC maturation
may be a reversible process. Furthermore, DCs conditioned on stiff substrates displayed
increased glycolysis and oxidative phosphorylation, suggesting DC metabolism could be
modulated by substrate stiffness. As YAP/TAZ translocate into the nucleus upon activation, I
incorporated image flow cytometry to probe for the translocation of YAP/TAZ in DCs in
response to tension. BMDCs conditioned on 50 kPa and plastic demonstrate a trend of increasing
nuclear YAP/TAZ translocation, hinting at the involvement of YAP/TAZ in DC
mechanosensing. Interestingly, despite this observation and tension induced upregulation of TAZ

in BMDC:s, the deletion of YAP/TAZ in DCs did not impair day 9 antiviral response.
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Preface

This thesis is composed of original work by Kevin Chu. Throughout, contains co-
authored work by collaborators published in Chakraborty, M. et al. Mechanical Stiffness
Controls Dendritic Cell Metabolism and Function. Cell Rep. 34, (2021). More information can

be found in the contribution subsection at the beginning of chapter 3 and 4.

The research project, of which this thesis is a part, received research ethics approval from
the University of Alberta Research Ethics Board, Project Name “The impact of obesity and

insulin resistance on immune function”, No. AUP00003251, approved August 6, 2019.
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Chapter 1: Introduction

1.1. Dendritic cells

Dendritic cells (DCs) are professional antigen present cells (APCs) that bridge the innate
with the adaptive immune response through processing and presenting antigens to T cells. DCs
encounter a variety of microenvironments with unique physical properties such as topography,
stiffness, and fluidity throughout their life cycle. The physiological stiffness of tissues acutely
transitions from a soft to hard stiffness during inflammation due to extracellular matrix (ECM)
remodeling and lymphocyte infiltration' . In certain disease states such as fibrosis or tumors,
tissues can stiffen beyond the range typically encountered. Thus, tension generated from
substrate stiffness could conceivably function as an environmental cue for DCs to distinguish
healthy and diseased tissues. While studies have shown that substrate stiffness can modulate
metabolic flux and immunological functions of some immune cells, to date it is still unclear
whether and how different forms of mechanical forces can affect DC biology>®. Activated DCs
are matured DCs that have received immunological stimulation, whereas mature DCs refer to
DCs that have yet to encounter antigen but have undergone the hematopoietic differentiation
process. During development and following activation, DCs undergo extensive metabolic
reprogramming - a process of rewiring metabolic pathways used to synthesize metabolites and
energy required for development and function, such as secretion of cytokines and antigen

presentation.

1.1.1. Dendritic cell development
DCs are a heterogenous group of APCs derived from the bone marrow (BM)’. DC
subsets are regulated by differential expression of multiple linage restricted transcription factors

including basic leucine zipper ATF-like transcription factor 3 (BATF3), interferon regulatory

1



factor 8 (IRFS8), interferon regulatory factor 4 (IRF4), and E2-2'%12. DC subsets are also
characterized by distinct surface marker expression, localization patterns and cytokine profiles,
and all DCs are capable of antigen presentation'®. Critically, hematopoietic precursor cells with
the capacity to differentiate into DCS are characterized by the surface expression of the FMS-
like tyrosine kinase 3 (FLT3 or CD135) receptor'*'>. DCs can develop from both lymphoid and
myeloid progenitors. In the lymphoid and non-lymphoid tissues of healthy mice and humans,
plasmacytoid (pDCs) and conventional DCs (¢cDCs) comprise the two major populations of DCs.
¢DCs are generally categorized into two subgroups, CD8a" or CD103" expressing cDC1 and
CD11b* expressing cDC2'®. Both subtypes of cDCs are further subdivided depending on their
anatomical localization, which include organ specific-DCs such as Langerhans’s cells, lymphoid
tissue associated DCs, and thymic DCs'®. In comparison to a steady state, monocyte derived DCs
(moDCs), and tumor necrosis factor (TNF) and inducible nitric oxide (iNOS) producing DCs

only develop and appear following immunologic challenge'>!®!7.

The phosphoinositide 3-kinase (PI3K) and mechanistic target of rapamycin (mTOR)
signaling induced by FTL3 activation was recently identified to have an important role in the
regulation of DC homeostasis'®. The development of all DC subsets are severely impaired when
murine BM precursors were cultured together with FLT3 ligand (FLT3L) and rapamycin, an
inhibitor of mTOR '8, Alternatively, when mice were injected with FLT3L, an increased
phosphorylation of S6-ribosomal protein (S6RP), a component downstream of mTOR signaling,
was observed in splenic DCs'®. Interestingly, systemic or DC-specific deletion of phosphatase
and tensin homolog (PTEN), a phosphatase involved in the inhibition of protein kinase B (PKB
or AKT), led to the increased expansion of mainly CD8a* ¢DCs in lymphoid tissues — under

physiological conditions PI3K activates PKB, which initiate a downstream cascade to activate



mTOR!8, The expansion of CD103" ¢cDCs, the functionally equivalent subset of CD8" DCs in
non-lymphoid tissues, was also observed in PTEN deficient mice'®. The deletion of PTEN
partially ameliorated the inhibitory effects of rapamycin on DC development, and the enhanced
effects of PTEN deletion on CD8" ¢DCs development was attenuated when treated with
rapamycin'®. Studies downstream of the PI3K/mTOR signaling axis suggests FLT3 signaling
supports development of all DC subsets through the activation of signal transducer and activator
of transcription 3 (STAT3)?*2!. Collectively these results suggest FLT3 signaling occurs via

PI3K/AKT/mTOR signaling but is most critical in the development of CD8" ¢DCs.

DCs can also develop from BM precursors when cultured with the growth factor
granulocyte-macrophage colony-stimulating factor (GM-CSF)?2. However, unlike the FLT3L
generated DCs that resemble DCs at a steady state, DCs generated with only GM-CSF are more
akin to subsets present during an inflammatory state'’?*. Namely, GM-CSF stimulates the
development of moDCs and TNF/iNOS producing DCs. An abundance of GM-CSF is produced
by early responding innate cells such as mast cells and macrophages and by fibroblast and
endothelial cells during inflammation®*?°. This propensity may therefore be a representation of
the advantage these subsets of DCs confer during early immune response”. Indeed, the absence
of TNF/iNOS producing DCs severely impair clearance of primary bacterial infection in mice?.
Furthermore, moDCs are important to prime the development of memory CD8" T cells during
acute infection®’. Compared to the significant reduction of all DC subsets in lymphoid and
peripheral tissues of FLT3 deficient mice, GM-CSF deficient mice have mildly reduced DC
development in lymphoid organs, but a significant loss in non-lymphoid organs®®. The loss of

GM-CSF signaling does not affect the pDC development®. The variable effects of GM-CSF and

FLT3L on DC development can be explained by the signaling pathways utilized. Common to



both cytokines is the activation of PI3K/mTOR and STAT3, whereas only GM-CSF can activate
nuclear factor kappa B (NF-kB) and STAT5?%2!0, The effects of STATS5 activation appears to

supersede STATS3 signaling, leading to the generation of inflammatory DCs?°.

1.2 Dendritic cell subsets & biology

DCs are distributed throughout the body, serving as the interface between the innate and
adaptive immune system. The capacity for DCs to function as APCs represents one of the major
defenses against respiratory viral infections. At a steady state, the lung is comprised of ¢cDCs and
pDCs. cDCs all express class II major histocompatibility complexes (MHC II) and CD11c. The
cDCs subset are comprised of two main population characterized by the expression of cell
surface markers - the CD103+ expressing cDC1 (CD8a+ in lymphoid tissues) and the CD11b+
expressing cDC2. The expression of X-C motif chemokine receptor 1 unifies both CD103 and
CD8uo expressing cDC1s*!. pDCs on the other hand have a lower expression of MHC II and
CD11c and is differentiated from cDCs based on the expression of B220, Siglec-H, CD317'22,
During infection and inflammation, a 4th subset of DCs, the moDCs are generated'>!®. Critically,
although all DCs can uptake and process antigens (Ag), different subset of DCs have evolved

with specialized functions.

1.2.1 Conventional Dendritic Cells 1 (¢cDCI)

cDCls are one of the two main subsets of cDCs found in lymphoid and non-lymphoid
tissues. cDCl1s in non-lymphoid organs are predominantly characterized by the expression of the
integrin CD103, and an equivalent population expressing CD8a, are found in lymphoid organs'®.
The expression of the transcription factors BATF3 and IRF8 are absolutely required for the
generation and survival of cDC1s***, Relative to cDC2s, cDC1s are more proliferative in

response to FLT3L stimulation due to a higher expression of FLT3 receptor®”. Generally, cDCls



are connective tissue resident cells but within the lung, CD103" DCs can localize in the
respiratory airway within the mucosa and in close proximity to endothelial cells*®. Comparable to
the intestines, the lung is an organ vulnerable to frequent pathogenic insult, as the respiratory
epithelium is the first site of contact to inhaled agents®’. Upon activation, the migration of
peripheral cDCs to draining lymph nodes (LNs) is predominantly dependent on the upregulated
surface expression of the C-C chemokine receptor 7 (CCR7)8. This process is facilitated by the
affinity of CCR7 to the cytokines C-C ligand 19 and 21 (CCL19 & CCL21), both of which are
abundantly produced by stromal cells within the T cell zone in the LNs*. The strategic
localization of ¢cDCls in the lung therefore poise cDCls to efficiently sample and respond to the

surrounding environment.

As initiators of the adaptive immune system, cDCl1s are unrivaled APCs, a property
ascribed to their ability for cross presentation, a process involving the uptake, processing, and
presentation of exogenous antigens on MHC I molecules to naive cytotoxic CD8" T cells*.
cDCls are integral to the clearance of intracellular pathogens, especially influenza A virus (IAV)
by activating CD8" T cells via presentation of exogenous peptides on MHC-I molecules*!.
Overall, cDCls have a higher constitutive basal expression of transporter associated with antigen
processing 1 & 2 than cDC2s and thus can more efficiently process and load viral Ags onto
MHC I complexes*. Although not exclusive to cDCls, IAV has been shown to favor infecting
cells with high MHC II expression in mice*. As such, cDC1s and cDC2s are susceptible to IAV
infection due to their high expression of MHC II, whereas pDCs were not**. The transit of IAV
using lung cDCs as vectors function as an important method of presenting viral antigen to T

cells, as IAV normally will not freely reach the draining LNs**.



Moreover, the clearance of intracellular pathogens is enhanced by potent production of
interleukin-12 (IL)-12 by ¢DCls, a cytokine that promotes differentiation of naive T cells into
type I helper T cells (Th1) and production of interferon-gamma (IFN-y) from T cells®’*.
Consequently, depletion of CD103" cDCls severely compromised clearance of IAV due to
impaired CD8" T cell priming*®. Similar results are recapitulated in BATF3 knockout mice, a
deficiency that affects only the development of cDC1s**. In these mice, defective cross
presentation, virus specific CD8" T cell cytotoxicity, and rejection of syngeneic tumors are
observed*. Given that the specific ablation of cDC1s impairs anti-viral response, this suggests

that the role of ¢cDC1 cannot be compensated by other APCs to induce a robust immune

response.

1.2.2 Conventional Dendritic cells 2 (cDC2)

¢DC2s are characterized by the expression of CD11b" and the absence of the integrin
CD103*4748 In the lungs, cDC2s are predominantly localized in the lamina propria*’. Compared
to cDCls, cDC2s are not a homogenous subset as they variably express pattern recognition
receptors (PRR) and the dependence of developmental transcription factors can differ*®.
Numerous transcription factors, such as Notch2, IRF2, and IRF4, have been identified to regulate
cDC2 development*®. Hierarchical importance of each transcription factor remain poorly
understood given the heterogeneity of the subset*®. For instance, reflective of their heterogeneity,
IRF4 deficiency have variable tissue penetrance and does not completely abrogate the

development of cDC2s*.

cDC2s are most adept at presenting antigen to CD4 " lymphocytes but can cross present at
a reduced efficiency”’. The affinity to prime CD4" T cells is attributed to a higher intrinsic

expression of MHC II machinery>’. Specifically, it was identified that IRF4 regulates MHC II



antigen presentation, whereby conditional deletion of IRF4 in cDC2s severely impaired antigen
presentation but is restored by retroviral transduction of IRF4°!, ¢cDC2 support the development
and retention of memory CD8" T cells within draining LNs whilst cDC1 are functionally
important in the generation of CD8+ T effector cells in a CD24 mediated process®2. Moreover,
during viral infection, migrating cDC2 have also been shown to transfer antigens to cDCI1 within
draining LNs that then directly prime CD8" T cells**~*. Given the specialization of cDC2s and
the fact cDC2s cannot compensate for the anti-viral function of cDCl1s in BATF3 deficient mice,

it appears that cDCls are the most critical subset for the presentation of pulmonary antigens.

Findings against the cDC paradigm have been reported by a study whereby early T cell
responses were primed by both cDC1 and ¢cDC2, but is later dominated by cDC2 antigen
presentation during peak infection®. In this study, CD103-CD11b" DCs directly cross primed
CDS8'T cells following exogenous antigen capture, and did not transfer antigen to lymphoid
CD8a" DCs>. This anti-viral response was identified to be contingent on the expression of the
costimulatory molecule CD70, a ligand for CD27 which facilitates primary and secondary CD8"
T cell responses®®. The viral dosage and the differential effects of IAV directly infecting DCs
subsets have been suggested as potential mechanisms®’. It is thought that during mild influenza
infection, directly infected cDC2 can migrate to the draining LNs to induce CD8" activation®’. In
contrast, cDC2 succumb to direct viral infection during severe infection, serving as a means for
cDCls to acquire viral antigens for cross presentation. Indeed, it has been demonstrated that
pulmonary cDCls preferentially acquire and transport apoptotic cells draining LNs for cross

presentation®.



1.2.3 Plasmacytoid Dendritic Cells (pDCs)

pDCs comprise a small population of DCs within the lung®®. Similar to cDCs, the
development of pDCs requires FLT3 signaling, but lineage commitment requires the expression
of the transcription factor E2-2'®. Functionally, pDCs are best characterized by their contribution
to the innate anti-viral response through potent production of type 1 IFN (IFN-I) - a result of

constitutive IRF7 expression®*¢!

. pDCs are additionally recognized for their capacity to modulate
the adaptive response, functioning as cross presenting APCs and as polarizers of Th; cells via
secretion of IL-12%1-%, pDCs mature and upregulate CCR7 expression post-influenza challenge,
and the trafficking of pDCs bearing influenza antigen to the lung and draining LNs have been
observed, however their overall role in anti-viral responses is unclear*®%2. Despite pDCs being
more resistant to influenza virus infection and IFN-I as a major contributor to effective antiviral
responses, antibody mediated depletion of pDCs does not exacerbate influenza severity nor
impact viral clearance in mice*®%>%4, Instead, it appears pDCs are involved in regulating long
term immune responses, as pDC depletion led to a decreased production of viral specific
antibodies following influenza clearance*®. This phenotype is recapitulated in a separate study
conducted by genetic depletion of pDCs, in which case T cell recruitment to the lung was
delayed but did not affect the activation or function of CD8" T cells®. The function of pDCs in
viral clearance perhaps vary depending on the pathogen, since pDCs are indispensable for

limiting persistent respiratory syncytial virus infection but does not affect influenza clearance®®.

1.2.4 BM-derived DCs (BMDCs)
Studying DCs directly from blood and tissue is complicated by the low frequency and
time-consuming extraction process*?. To circumvent this, DC biology is studied in vitro using

murine BM hematopoietic precursors or blood monocytes cultured with growth factors to



generate a substantial number of immature BMDCs. Two established DC culturing protocols
involves the usage of GM-CSF or FLT3L to generate GM-DCs or FL-DCs, respectively??. While
these in vitro culturing protocols have contributed to expand our understanding of DC biology,
there are limitations to both models with notable controversy concerning the heterogeneity and

whether bona fide in vivo counterparts exist for the generated BMDCs.

One caveat of the GM-CSF culturing model, as the name of the growth factor GM-CSF
suggest, is the generation of a heterogenous population of cells that includes macrophages and
neutrophils?’. The GM-DCs generated by this model display a small degree of heterogeneity and
are distinguished from macrophages and neutrophils by the expression of CD11c¢ and high
expression of MHC I1??. GM-DCs has been established to be enriched by CD11c¢ selection?’. On
the contrary, the culturing of murine BM precursors with FLT3L yields a heterogenous FL-DC
population comprised of pDCs, cDC2s, and cDCl1-like cells that would require cell sorting with
potentially low yield for studying individual subsets®’. Moreover, the separation and
identification of these subsets is hindered by the occasional expression of CD11b on all
conventional subsets and cDC1-like cells having an abnormal phenotype lacking the expression

of key cDC1 markers, CD8 and CD103%".

A critical disadvantage of the GM-CSF model is that although a substantial number of
DCs are produced, the GM-DCs generated are only distantly related to in vivo steady-state DC
subsets®®. As discussed previously, the development of steady-state DCs is comprised of ¢cDCs
and pDCs that are dependent on FLT3L signaling®. GM-DCs however can undergo
development that is FLT3L independent and are generally less tolerogenic®®®. Significant
differences in gene expression between developing GM-DCs and ex vivo ¢cDCls and ¢cDC2s has

been identified by transcriptomic analysis®®. By gene expression, the closest in vivo counterpart



of GM-DCs are only ¢cDC2s given both of their dependence on IRF4 for development.

Furthermore, GM-CSF can inhibit the development of pDCs*°.

At steady state conditions, a low concentration of GM-CSF is found in circulation in
mice but is elevated during inflammation®°. Overall, the GM-DCs produced in this model are
more representative of inflammatory DCs than steady-state DCs. Increased GM-CSF
concentration has a role in inducing the differentiation of moDCS from inflammatory
monocytes**’%7! Tt is thought that GM-CSF cultured DCs may better reflect moDCs in tissues
driven by GM-CSF during inflammation®. Functionally, moDCs are more pro-inflammatory
than FLT3L differentiated DCs, although the ability of moDCs to activate T cells is
comparable’®. Unfortunately, it is unclear how closely GM-DCs resemble moDCs as
comparative gene expression was not examined between moDCs and GM-DCs®. While this
model can generate a substantial number of mostly homogenous DCs, it also yields a population
of contaminating cells of macrophages and neutrophils®®. The contaminating cells could partially
be addressed by CD11c¢ purification but the inherent inflammatory nature of the GM-DCs remain

unavoidable in this model®®.

1.3 Dendritic cell metabolism

The immune system is an important regulator of whole-body metabolism’?. However,
cellular metabolic reprogramming is also pivotal for the proper functioning of the immune
system. Immune cells undergo dynamic metabolic reprogramming at various stages of its life
cycle, and the integration of different metabolic pathways has been shown to coincide with
immune cell gene expression, differentiation, and effector function at stages of development,
during migration and recirculation, and following activation’*"°, Effective host immune

responses are therefore interwoven with the capacity for the immune system to meet imposed
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metabolic demands. In addition to physiological requirements, immune cells must compete for
limited nutrients within the microenvironment among other immune cells and against pathogens
during infection. Subsequently, this confers immune cells with distinct metabolic profiles
respective to their function and environment. In situations of metabolic dysregulation, the
immune system is adversely affected, rendering improper immune activation and resolution,

leading to increased risk of developing chronic diseases and autoimmunity.

Unlike non-immune cells, immune cells do not have large deposits of nutrient storage,
making the uptake of nutrients an important response following activation to support metabolic
remodeling’®. Among the major conserved metabolic pathways, glycolysis, and oxidative
phosphorylation (OXPHOS) are central pathways commonly utilized by immune cells. Of the
two pathways, OXPHOS is a slower and oxygen dependent pathway restricted to the
mitochondria but is the most efficient approach to generate adenosine trisphosphate (ATP) -
yielding up to 36 ATP per glucose molecule, whereas glycolysis is anaerobic, occurring in the
cytoplasm and generates 2 ATP per glucose molecule (Figure 1.1). For cells that primarily
derive energy through OXPHOS, the tricarboxylic acid cycle (TCA cycle) constitutes a key
intermediary pathway as the electron transporters generated via the oxidation of acetyl-CoA is
used to fuel OXPHOS. The electron transporters are used to sustain the mitochondrial membrane
potential to drive ATP synthesis by OXPHOS. Importantly, while acetyl-CoA can be synthesized
via carbohydrates such as glucose in the presence of oxygen, acetyl-CoA can also be derived
through the slower processes of lipid and amino acid catabolism. The breakdown of fatty acids
can produce the most energy, yielding over a hundred ATP at the cost of higher oxygen

consumption’’. The catabolism of glucose per mole of oxygen is 53% more efficient at

11



generating ATP than catabolism of fatty acids. This flexibility permits a greater yield of ATP by

complete metabolism depending on the origin of the acetyl-CoA used to fuel the TCA cycle.

1.3.1 Biosynthetic pathways in DCs

Glycolytic and TCA cycle intermediates are used in several biosynthesis pathways such
as the pentose phosphate pathway (PPP) and fatty acid synthesis (Figure 1.1). In the first step of
glycolysis, glucose enters the cell through the glucose transporter 1 (GLUT1) and converted into
glucose 6-phosphate (G6P) by the enzyme hexokinase (HK). The synthesis of G6P ensures the
continuation of glycolysis by preventing the glucose molecule from leaving the cell.
Alternatively, G6P can be shuttled through the PPP to synthesize nucleotides and electron
carriers to support fatty acid synthesis. Under anaerobic and aerobic conditions, G6P is
catabolized through glycolysis to terminally produce two pyruvate molecules. In the absence of
oxygen, pyruvate is used for lactic acid fermentation to yield lactate. The lactate dehydrogenase
(LDH) mediated conversion of pyruvate is necessary to regenerate electron carriers for sustained
glycolysis. Under normoxic conditions, pyruvate is transformed into acetyl-CoA and directed
through the TCA cycle. The newly generated acetyl-CoA is subsequently catabolized into citrate.
At this stage, citrate can be funneled for fatty acid synthesis or complete the TCA cycle to
produce electron precursors for OXPHOS. Thus, metabolic flux enable immune cells to function
efficiently by satiating energetic demands needed for the synthesis of macromolecules necessary

in response to physiological demands’®.
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Figure 1.1. Simplified view of the interconnected relationship between metabolic pathways.
Glycolysis is catabolic process (A) Glucose is transported into the cytoplasm via glucose
transporter 1 (GLUT1). (B) In an energy dependent process, glycolysis is initiated by the
conversion of glucose into glucose 6-phosphate (G6P) by the enzyme hexokinase (HK). (C) In
parallel, G6P can be used for the synthesis of nucleotide precursors via the pentose phosphate
pathway. (D) The complete catabolism of glucose into pyruvate requires the reduction of the
electron acceptor nicotinamide adenine dinucleotide (NAD™) into NADH - yielding a net of 2
ATP. Glycolysis cannot run indefinitely under anaerobic conditions due to the depletion of
NAD". (E) To compensate, pyruvate is used for lactic acid fermentation mediated by lactate
dehydrogenase (LDH) to regenerate NAD" via the oxidation of NADH. (F) HK can also
translocate to the outer mitochondrial membrane for direct access to ATP. In the presence of
oxygen, pyruvate is converted into acetyl-CoA and shuttled into the mitochondria. Acetyl-CoA is
catabolized through the citric acid cycle (CAC) to generate metabolic intermediates and
maximize ATP production. A key intermediate produced by the CAC is citrate, a metabolite that
can be used in a complete cycle of CAC, mediated by the reduction of electron acceptors flavin
adenine dinucleotide (FAD") and NAD" into FADH» and NADH, respectively. Additionally, the
metabolite oxaloacetate is generated at the end of the CAC that is used with acetyl-CoA to
synthesize citrate. (G) Alternatively, citrate is a precursor for fatty acid synthesis. (H) To
maximize ATP generation, FADH> and NADH produced during the CAC is used for OXPHOS,
a process in which ATP (complex V) is formed through the transfer of electrons from FADH>
and NADH to O: by a series of electron carriers (complex I to IV) within the inner mitochondrial
membrane. NAD" and FAD" are regenerated in OXPHOS, and a yield of approximately 36 ATP

is produced starting at glycolysis and ending at OXPHOS. Drawn on BioRender.com.
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1.3.2. Metabolic pathways supporting in vitro BMDC development

Respiring quiescent or sessile cell types are generally faced with minimal energic
demands and utilize slower metabolic pathways, deriving substrates for the TCA cycle via
catabolism of carbohydrates, proteins and lipids’>. On the contrary, activated or proliferative cell
types significantly upregulate glycolysis, a metabolic process quicker than OXPHOS™.
Strikingly, the preference for glycolysis is observed even under normoxic conditions - a process
referred to as aerobic glycolysis or the Walburg effect’>. Enhanced aerobic glycolysis is
beneficial to rapidly generate ATP and glycolytic intermediates used to biosynthesize
macromolecules such as nucleic acids, proteins, and lipids, all of which are necessary for
biomass’®. Whilst it is advantageous for proliferating cells to utilize aerobic glycolysis, elevated
glycolysis is not always for the purpose of growth or proliferation. Neutrophils for example,
increase glucose uptake and undergo substantial aerobic glycolysis following PRR activation to
produce reactive oxygen species required for the respiratory burst. As such, bacterial infections
are exacerbated in neutrophils that are deficient for hypoxia-inducible factor 1-alpha (HIF-1a), a

transcription factor that regulate the expression of GLUTs®.

At a steady state, DCs are predominately catabolic and metabolic reprogramming is
critical for early development”>7881:82 Elevated glucose uptake and oxygen consumption is seen
in vitro in both human moDCs differentiated from monocytes by GM-CSF and IL-4 treatment,
and in mouse GM-DCs®!. This metabolic flux coincides with increased mitochondrial membrane
potential and ATP levels in human moDCs and mouse GM-DCs, suggesting glucose is used to
fuel OXPHOS. Consistent with these observations, the inhibition of the OXPHOS with rotenone
impairs human moDC development®?. Under hypoxic conditions, the differentiation of GM-DCs

is dampened and worsened by HIF-1a deficiency®. GM-DC development is also impaired
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following lipid metabolism inhibition®*. In this study, GM-DC differentiation is reduced when
acetyl-CoA carboxylase, an enzyme that generate the precursor for fatty acid synthesis, is
inhibited. Similar observations are recapitulated in the same study when fatty acid synthase is
inhibited. Importantly, the singular inhibition of a particular metabolic pathway did not
completely abrogate DC development. These observations therefore highlight the metabolic

flexibility of DCs and the significance of metabolic reprogramming on DC development.

GM-CSF induced differentiation of monocyte derived human moDCs mechanistically
depend on PI3K mediated activation of mTOR signaling — which is comprised of two complexes
mTORC1 and mTORC28!. The activation of mTORC]1 regulates the expression of various
transcription factors involved in metabolic activation (Figure 1.2). A major downstream target of
mTOR signaling is the transcription of peroxisome proliferator-activated receptor-y (PPARY), a
transcription factor regulating lipid metabolism, and PPARY coactivator 1a (PGCla), a regulator
of mitochondrial biogenesis®*. The expression of glycolytic genes is concomitantly induced by
mTORCI via the activation of MYC, a family of transcription factors regulating metabolism and
proliferation, of which there are 3 paralogues: MYC, MYCN, and MYCL®. From a metabolic
viewpoint, the previously discussed impaired FL-DC development when co-treated with
rapamycin and FLT3L is therefore partly explained by the regulatory function of mTOR on
metabolism!®. Moreover, this is consistent with in vitro FLT3L treatment skewing the
differentiation of murine BM precursors towards cDC1 in mice with CD11c-specific deletion of
PTEN, a phosphatase that regulates lipid and glycolytic metabolism®*. Specifically, PTEN
functions as a negative regulator of mMTORC1 signaling through upstream inhibition of AKT®,
Although the importance of metabolic reprogramming for physiological process is established,

the precise mechanisms involved in regulating the process is still unclear due to the redundancy
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and crosstalk between metabolic and non-metabolic pathways. The tuberous sclerosis 1 & 2
(TSC1/2) heterodimeric complex is a negative regulator of mTORC]1 with a mode of action
different than PTEN that exhibit contrasting effects on DC development depending on
ontogeny®”%®. When TSC1 is deleted in mice, the development of GM-DCs is enhanced - an
effect associated with increased mTORC]1 expression®®. On the contrary, regardless of elevated
glycolysis and lipid synthesis, the development of FLT3L-DCs from TSC1 single deletion mice
was unexpectedly impaired®’. This developmental effect is attenuated in TSC1 and MYC double
knockout mice. Confoundingly, FLT3L-DCs generated from double deletion or MYC single
deletion mice showed relatively normal metabolic profiles. Together, the contrasting results from
these studies suggest that the metabolic requirements of DCs within two culturing systems may

be variable and/or the Myc paralogues differentially regulate DC metabolism.
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Figure 1.2. Condensed schematic of PI3K/AKT signaling. The PI3K/AKT signaling cascade

is initiated upon activation of the GM-CSF and receptor tyrosine kinase cell surface receptors.

Downstream signaling promote the expression of genes for cell survival, proliferation, and

metabolism. Notable upregulated metabolic genes include regulator of glycolysis, MYC, and

genes encoding for proteins involved in lipid metabolism and mitochondrial biogenesis such as

PPARy and PGCla, respectively. PDK1: phosphoinositide-dependent kinase-1; PIP2 & 3:

phosphatidylinositol (4,5)-bisphosphate & phosphatidylinositol (3,4,5)-trisphosphate; SFK: Src

family kinase. Drawn on BioRender.com.
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1.3.3 Metabolism of resting and activated GM-DCs

DCs upon activation undergo anabolic metabolic flux®!#2, Activated GM-DCs stimulated
by lipopolysaccharide (LPS) substantially increase glycolysis, lactate fermentation, fatty acid
synthesis, and PPP activity®'#2, The strength of stimulants on DCs is correlated with the degree
of glycolysis upregulation and duration. The production of lactate via LDH-mediated conversion
of pyruvate is a necessary to recycle the constituents required for continued glycolysis. Unlike
cancer cells that upregulate aerobic glycolysis for the purpose of rapid ATP generation, the
upregulation of glycolysis in DCs does not reflect the need to synthesize ATP as OXPHOS is
sufficient to meet energic demands®***. Upregulated glycolysis is indispensable, as inhibition of
glycolysis by 2-deoxyglucose (2-DG) which inhibits the production of G6P, effectively impairs
GM-DC activation® (Figure 1.3). The respiratory capacity of early activated DCs is
concurrently elevated with glycolysis, indicating the abundance of pyruvate generated from
glycolysis is shuttled through the TCA cycle and oxygen dependent pathways. OXPHOS is not
absolutely required during early DC activation as mitochondrial inhibition by oligomycin has a
minimal effect on DC activation®*. Instead, the TCA cycle is rewired, and the TCA cycle
intermediates produced are preferentially used to support fatty acid synthesis — a process that
synthesizes fatty acids from citrate, most of which are derived from pyruvate produced in
glycolysis®***° (Figure 1.4). The synthesized fatty acids are necessary for the expansion of the
endoplasmic reticulum and Golgi apparatus®*. The onset of glycolytic and fatty acid synthesis
correlates with upregulation of co-stimulatory and secretion of cytokines such as CD40, CD80,
CD86, MHC 11, and IL-6 and TNFo®*. Citrate is produced during the early steps of the TCA
cycle and is proceeded by generation of isocitrate. As a major source of carbon for fatty acid

synthesis, the intracellular levels of citrate and isocitrate decline while downstream intermediates
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are unaffected after LPS stimulation®*!. Analysis by carbon tracing reveals the percentage of
glucose-derived carbon is greater in citrate than in downstream TCA intermediates, indicating
the flux of glucose is used to support fatty acid synthesis®*. Lastly, to balance the redox reactions
of fatty acid synthesis, the PPP is driven by glycolysis to generate NADPH. Unifying these
observations, LPS stimulated GM-DCs have diminished lipid accumulation when glycolysis or

fatty acid synthesis is pharmacologically inhibited®*.

In summary, resting DCs are metabolically quiescent. At a resting state, the ER is
constrained and less active. DCs undergo metabolic reprogramming following toll-like receptor
(TLR) stimulation to meet energy and biosynthetic demands. Notably, glycolysis is upregulated
along with fatty acid synthesis, PPP, and OXPHOS activity. The early glycolytic intermediate,
G6P, can undergo complete glycolysis to yield pyruvate, or shuttled through the PPP to
regenerate the NADPH used in fatty acid synthesis and to produce nucleotides for transcription.
The conversion of pyruvate into citrate during the TCA cycle can have two outcomes. In the first
outcome, citrate undergoes complete catabolism to drive ATP synthesis via OXPHOS.
Alternatively, citrate can be exported for fatty acid synthesis. The synthesis of lipids is integral to
reducing ER stress and is used toward the expansion of the Golgi apparatus - a process necessary

for efficient protein production and transport®*.
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Figure 1.3. Inhibition of glycolysis by 2-deoxyglucose. (A) The molecular structure of glucose
(G) (left) and 2-deoxyglucose (2-DG) (right). 2-DG is an analog of glucose, differing at the
second carbon by substitution of hydrogen for the hydroxyl group (circled red). Lactic acid
fermentation can occur at the end of glycolysis to produce lactate, which is then transported
outside the cell via monocarboxylic transporters (MCT) (B) Glucose and 2-DG enter cells
through glucose transporter 1 located in the plasma membrane. The first step of glycolysis is
mediated by hexokinase (HK) synthesizing glucose 6-phosphate (G6P) and 2-deoxyglucose 6-
phosphate (2-DG-6-P) from glucose and 2-DG, respectively. Due to the missing 2-hydroxyl
group in 2-DG, the synthesized 2-DG-6P cannot be catalyzed by phosphoglucoisomerase (PGI)
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to proceed further through glycolysis. Image is adapted from Zhang et al’* and drawn on

BioRender.com.
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Figure 1.4. Dendritic cells undergo metabolic reprogramming following TLR stimulation.
Resting DCs are metabolically inactive, deriving ATP through glycolysis and fatty acid
oxidation. At this stage, the ER is relatively compact. DCs are activated following TLR
stimulation leading to upregulated expression of maturation genes and increased protein
synthesis. The accumulation of synthesized proteins stresses the ER, promoting the expression of
enzymes for fatty acid synthesis. Synthesized fatty acids are used for the expansion of the Golgi

apparatus and ER to accommodate for the abundance of newly synthesized proteins destined for

secretion. Concurrently, TLR stimulation is transduced through AKT signaling, leading to the
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upregulation of glycolysis. The pyruvate generated via glycolysis are used in the TCA cycle to
synthesize citrate, a precursor for fatty acid synthesis. Complete citrate catabolism in the TCA
cycle generates electron carriers for OXPHOS (not shown). PPP activity, fueled by early
glycolytic intermediates, is increased to facilitate the production of NADPH used in fatty acid
synthesis. IRFs: Interferon regulator factors; NF-kB: nuclear factor kappa B; UPR: Unfolded
protein response; XBP1: X-box binding protein 1. Image is adapted from Pearce & Everts®? and

drawn on BioRender.com.
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1.4. Mechanotransduction in immune cells

1.4.1. Mechanosensing

Environmental cues can modulate immunological function and metabolism. The impact
of cytokine and PRR signaling on immunity in response to danger or pathogen associated
molecular patterns have been extensively studied. However, the impact of non-immunological
cues from the microenvironment that may also contribute to the collective regulation of the
immune response during inflammation or infection is not well understood. These cues are
context dependent and may include pH, temperature, oxygen, salt/ion balance, and nutrient
availability. Mechanical forces represent another important environmental cue encountered

within the microenvironment.

Immune cells naturally encounter environments with diverse physical properties. The
mechanical forces exerted on resident or migratory immune cells arise through a multitude of
physical means within the microenvironment that are influenced by features such the stiffness of
the extracellular matrix, topography, and fluidity?. Some examples of mechanical stimuli are
muscle contractions and shear stress from blood flow within blood vessels®*. In general,
mechanical forces are comprised of three major types: compression, tension, and shear.
Compressional and tensional forces are mechanical stimuli that push or pull perpendicular to the
surface of an object, whereas shear forces act parallel on the surface®*. Young’s elastic modulus
is a parameter used to describe the amount of tension exerted by tissue or substrate stiffness and
is expressed as units of pascal (Pa)®. In this model, tensile elasticity is defined as an object’s
resistance to deformation and is quantified by the linear relationship between stress and strain —
where stress refers to compression or elongation forces, and strain is described by the

deformation induced>.
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At a steady state, the stiffness of most soft tissues, including lymphoid organs, are
between 2 to 5 kPa***. Muscles and bones on the other hand have a physiological stiffness of 10
to 20 kPa and 100 kPa, respectively>** . The sustained stiffness of healthy tissues can change
during inflammation or by diseases such as fibrosis***. For instance, lymph nodes stiffen during
inflammation due to acute tissue remodeling and increased leukocyte trafficking and localized
proliferation'*5%-7 Another example is a healthy lung which has a physiological stiffness of
about 2 kPa, whereas a fibrotic lung can reach a stiffness upwards of 50 kPa in rare cases>’®. In a
tissue culture setting, plastic or glass substrates exhibit a stiffness that range magnitudes higher
than physiological stiffness, at 10°-108 kPa®*. Thus, careful consideration is necessary when
using these substrates, as supraphysiological effects may be exerted by the plastic or glass

moduli.

1.4.2. The impact of mechanical signals on immune responses

Mechanical forces are critical for the migration of T cells. Prior to activation, T cells
circulate peripheral and secondary lymphoid tissues via high endothelial venules (HEV) in
search of cognate antigen. Selectins and integrins expressed by T cells function as
mechanosensors that are sensitive to the shear flow”!%°, T cell adhesion to endothelial cells
within HEV is enhanced by low shear forces that promote the formation of catch bonds, a non-
covalent bond that normally becomes stronger when a pulling force is applied”'°!. In this
context, low shear force allows integrins to adopt a high affinity, open confirmation that is
conducive for T cell arrest and extravasation during transmigration. In shear-free conditions, T
cell motility is sustained despite the activation of integrins by CCL21%°. Furthermore, tensional

forces can affect T cell function, as activated T cells migrate faster on stiffer substrates’.
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For adaptive immune cells, immunoreceptors have a dual function as mechanosensors
regulating activation. Mechanical signals are required for the activation of T cells following the
recognition of cognate antigens. Generation of cytoskeletal tension is necessary to stabilize the
synaptic contact of migratory T-cells with APCs!'%>!1%_ Specifically, the Wiskott-Aldrich
syndrome protein (WASP) is rapidly activated after T cell receptor (TCR) engagement to
mediate focal nucleation of actin and contraction of actin filaments!??. The synapse is broken late
in the activation process by internalization and degradation of WASP!'%?, Patients with WASP
deficiency have impaired TCR-mediated activation of T cells as a result of defective actin
reorganization!®. Interestingly, antigen-coated beads smaller than 4pm poorly stimulated T cells
relative to larger. Furthermore, the TCR is an anisotropic mechanosensor that is topographically
sensitive, whereby non-agonist anti-CD3 monoclonal antibodies could activate T cells only when

force is applied by optical tweezers'®.

For B cells, mechanical signals also serve as a regulator of activation. To mount an
effective antibody response, B cells must extract cognate antigens from the surface of APCs.
Therefore, selective B cells that express high affinity B cell receptors (BCR) can more
proficiently acquire antigen and subsequently obtain better T cell help. Recently, a study
demonstrated the mechanism by which B cells discriminate antigen affinity is tension dependent.
In this study, antigens were immobilized on surfaces of varying stiffness made from plasma
membrane of adherent cells that are then suspended on a cover slip”. Using this experimental
approach, it was demonstrated that B cells apply tension to the BCR-antigen bond”. In the case of
weak antigen-bond, the tension applied will break the synapse between the BCR and antigen-
presenting surface, preventing antigen extraction®. This process is further regulated by the

flexibility of the antigen presenting substrate, namely antigen extraction is inhibited by rigid
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surfaces because they prevent B cells from invaginating and pinching off the antigen from the
surface®. As such, the physical properties of APCs are a critical factor regulating B cell
activation. However, there appears to be a surface stiffness threshold for optimal B cell antigen
acquisition. Follicular dendritic cells which are stiffer cells adapted for B cell responses promote
stringent antigen affinity discrimination and accumulation of BCR microclusters, whereas DCs
that are softer and more critical for T cell responses promote B cell acquisition of low affinity

antigens'®>.

1.4.3. Mechanotransduction in DCs

Despite DCs being potent orchestrators of the adaptive immune response, our
understanding of how mechanical cues affects DC biology and function is limited. Only recently
has research into this topic began to bloom. Mennen et al., using human DCs conditioned on
polyacrylamide substrates with stiffness of 2, 12, and 50 kPa, demonstrated substrate stiffness
affect DC function and phenotype!%. Substrate stiffness did not affect DCs viability in this study
but did impact the expression of C-type lectin receptors (CLRs), a family of PRRs — specifically
macrophage mannose receptor (MMR) and dendritic-cell specific intercellular adhesion
molecule-3-grabbing non-integrin (DC-SIGN)'%. In this study, the intermediate stiffness of 12
kPa has an inhibitory effect on DC function'®. The expression of MMR and DC-SIGN was the
most upregulated for mature DCs conditioned on 2 kPa, followed by 50 kPa, whereas mature
DCs conditioned on the intermediate tension of 12 kPa exhibited the lowest expression of MMR
and DC-SIGN'. Consistent with a lower expression of C-type lectin receptors by DCs
conditioned at 12 kPa, these cells had a lower uptake of ovalbumin (OVA), an antigen
internalized by MMR'%®. Furthermore, chemokine directed migration of activated DCs is

affected by substrate stiffness'%. The expression of CCR7 was significantly higher in mature
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DCs conditioned on 2 and 50 kPa compared to DCs conditioned on 12 kPa, suggesting substrate
stiffness may affect DC migration to lymph nodes'%. Substrate stiffness however did not affect

the expression of most co-stimulatory molecules nor the capacity to activate T cells!®.

In our recent work we further investigated the impact substrate stiffness on DC function
using BMDCs conditioned on polydimethylsiloxane (PDMS) hydrogel-coated plates of 2 kPa, 50

kPa, or plastic only'"’

. However, unlike the observations of Mennen et al., we demonstrated that
BMDC s function was enhanced by higher tension. BMDCs were more proliferative on 50 kPa
compared to the physiological stiffness of 2 kPa, and BMDCs conditioned on higher stiffness
acquired a more pro-inflammatory phenotype when stimulated with LPS!'%¢!%7_ Contrary to
Mennens et al., who reported no change to CD80 expression in response to substrate stiffness,
we found the heightened pro-inflammatory phenotype we observed corresponded with a higher
expression of CD80 and CD86'%197, In addition, we found BMDCs conditioned on higher

stiffness could better prime T cells'?’.

Substrate stiffness affected DC function in both studies discussed, although in our study
we did not observe 2 kPa enhancing DC biology. The differences in reported observations may
be due to the physical properties of the substrates utilized, for instance hydrophobicity, which
can impact other mechanical forces such as fluidity. Only the effects of tension were examined in
these studies, thus, the impact of other mechanical forces in these studies remain unknown.
Another area unexplored is the mechanisms and signaling pathways in DCs regulating the
mechanotransduction of tension. Our novel finding of DCs conditioned on higher stiffness
upregulating the expression of WW domain containing transcription regulator 1 (WWTRI), a

gene encoding for TAZ, suggests this protein may be important for DC mechanosensing.
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Investigating the function of TAZ in DCs is particularly intriguing, as TAZ is known to be

involved in mediating cell adhesion and mechanical signaling in non-immune cells'®,

1.4.4. The role of YAP & TAZ

TAZ is a transcriptional coactivator sharing 46% amino acid identity with a homolog
known as Yes-associated protein 1 (YAP), that are encoded by paralogous genes (Figure 1.5).
Together both proteins serve as a nexus for a spectrum of physiological processes and is best
understood as the penultimate effectors of the Hippo signaling pathway!%*!10, Unlike traditional
signaling pathways, YAP/TAZ are not regulated by a singular dedicated pathway but is instead
regulated by input from a diverse network and mechanisms (Figure 1.6). A non-exhaustive list
of established YAP/TAZ downstream functions include regulation of cell proliferation, cell fate
decisions, organ overgrowth, wound healing and regeneration, mechanosensing, and functioning
as metabolic and nutrient sensors'®~!'!. Significant efforts have been directed at understanding
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and manipulating YAZ/TAZ in the context of cell differentiation and tumor immunity ' ".

Beyond this little is known about the function of YAP/TAZ in immunology.

As transcription coactivators, YAP/TAZ shuttles from the cytoplasm into the nucleus in
response to upstream signaling!'!! !4, Although YAP/TAZ can interact with numerous
transcription factors, the best characterized interaction of YAP/TAZ is with the transcription
factor family, transcriptional enhancer factor (TEA)-domain (TEAD), due to its role as the
transcriptional output of Hippo signaling - a pathway regulating cell proliferation and
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apoptosis' . At an inactive state, phosphorylated YAP/TAZ is retained in the cytoplasm by 14-

3-3 protein binding, a group of phosphoserine/phosphothreonine binding proteins!!%!2,
Conversely, YAP/TAZ is activated when dephosphorylated, allowing entry into the

nucleus''*!"2, As transducers of Hippo signaling, YAP/TAZ is regulated by a series of core
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Hippo kinases in response to various upstream stimulation, such as substrate stiffness''>.
YAP/TAZ is dephosphorylated when cells are exposed to high tension, whereas low tension
induce YAP/TAZ inhibition''3. Indeed, activated YAP/TAZ is prominently observed in adherent
cells!'?. The first step of YAP/TAZ inhibition in the Hippo signaling pathways involves
activation of large tumor suppressor kinases 1 and 2 (LATS1/2) by a complex of serine/threonine
kinases, also known as mammalian Ste20-like 1 and 2 (MST1/2) and the scaffolding protein
salvador family WW-domain-containing protein 1 (SAV1)!%!12113 (Figure 1.6). In turn,
activated LATS1/2 forms a complex with Mps one binder kinase activator-like 1A and 1B
(MOBJ1a/b), which then directly inhibit YAP/TAZ by phosphorylation!!%!'2113 Thus, YAP/TAZ

phosphorylation and translocation is one method to examine activity.

The function of YAP/TAZ in non-immune cells are mostly interchangeable and they are
not known to interact with each other!'°. Interestingly, YAP/TAZ is dispensable depending on

the biological function''®

. Maintenance of tissue homeostasis is unaffected by the loss of
YAP/TAZ but is required for organ development and rapidly proliferating cells''®. To date, 8
isoforms of YAP and 3 isoforms of TAZ have been identified in mammals''>"!!8, The
characterization of YAP/TAZ isoforms are limited and have focused primarily on the impact on
embryonic stem cell differentiation''®!!8, From these limited studies, YAP/TAZ isoforms were
shown to have overlapping, yet variable function and half-life!!%!":!" For instance, in a study
on two YAP isoforms, Wang et al. reported deletion of one isoform but not the other
significantly impaired nervous system development'!®. Therefore, the differential function of
YAP/TAZ in non-immune cell is potentially ascribed to the variable expression of YAP/TAZ

isoforms. In the context of immunology, mRNA transcripts of 8 YAP isoforms were barely

detectable in leukocytes compared to a relatively higher expression in tissues, suggesting
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immune cells may differentially express YAP/TAZ isoforms'!”. YAP/TAZ have been reported to
have immunoinhibitory and pro-inflammatory functions in immune cells®!?*"12>, YAP in T cells
is a mechanosensor with immunoinhibitory effects®!?%!2* YAP expression is upregulated
following activation and functions as a suppressor, dampening function and tumor
infiltration'?*!1?*, On high stiffness conditions, YAP suppresses T cell proliferation by preventing
the translocation of the transcription factor, nuclear factor of activated T-cells (NFAT)®. This
function of YAP is distinct from the conventional mechanism of Y AP nuclear translocation to
promote transcription®. On the other hand, T cell specific cre-mediated deletion of YAP
improves activation, function, and differentiation without affecting T cell development or thymic
egression®!2%124 Furthermore, YAP has been reported to suppress the metabolic reprogramming
of activated T cells®. The impact of YAP/TAZ signaling on B cell biology and function is

currently unknown.

For innate immune cells, persistent macrophage inflammation is observed with fibrotic
and scar tissues, suggesting macrophages are sensitive to substrate stiffness'?>. Recently Meli et
al. demonstrated Y AP mediated mechanotransduction underlie macrophage pro-inflammatory
response to tissue stiffness®. Macrophages conditioned on soft substrates were less inflammatory
and is associated with a reduction in YAP expression and activity®. Inflammation was heightened
when macrophage overexpressed YAP, compared to the depletion of YAP inhibiting
macrophage mediated inflammation®. Altogether, it appears YAP deficiency confers macrophage
a reparative phenotype. Congruently, YAP/TAZ deficiency in macrophages is associated with

improved infarct healing post myocardial infarction'?!.

To date, only one study has examined the role of YAP/TAZ in DCs but not the impact on

DC mechanosensing'?. The significance of MST1/2 deficiency have also been investigated in

31



DCs'?>123, Du et al. reported MST1/2 signaling orchestrate the metabolic reprogramming and
function of CD8" DCs. Specific deletion of MST1/2, but not LATS1/2 or YAP/TAZ impaired the
antigen presenting ability of CD8" DCs while CD8” DCs were unaffected'?*. The impaired
functionality of MST1/2 deficient CD8" DCs was associated with significantly lower OXPHOS
and glycolytic flux than wildtype CD8" DCs!?*. On the contrary, Cho et al. reported MST1/2
deficiency hyperactivated DCs'?2. MST1/2 deficient DCs in this study were better T cell
activators than wildtype counterparts!??. Curiously, MST1/2 deficiency led to increased AKT1
phosphorylation and expression of MYC suggesting an active metabolism but was not further

investigated'??. Altogether, the current understanding of YAP/TAZ signaling in DCs is limited.
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Figure 1.5. A schematic representation of Yes-associated protein (YAP) and transcriptional
coactivator with PDZ-binding motif (TAZ) protein domains. (Top) YAP is comprised of a N-
terminal proline rich region, transcriptional enhanced associate domain (TEAD) binding region,
two WW domains, a Src homology domain 3 (SH3) binding motif, coiled-coil (CC) domain, a
phosphodegredon motif, a transcription activation domain, and a C terminal PDZ-binding motif.
14-3-3 proteins sequester YAP in the cytoplasm when YAP is phosphorylated at S127. YAP is
marked for proteasomal degradation when S381 is also phosphorylated. (Bottom) TAZ is a
smaller protein comprised of similar protein domains as YAP. TAZ does not have a proline rich
domain, a single WW domain and the SH3 binding domain. TAZ is sequestered by 14-3-3
proteins when phosphorylated at S89. Phosphorylation at S311 targets TAZ for proteasomal
degradation. The TEAD binding domain allow YAP/TAZ to interact with the transcription

factors TEAD to initiate transcription. Drawn on BioRender.com.
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Figure 1.6. YAP/TAZ is involved in crosstalk with various signaling pathways. YAP/TAZ
activity is regulated by a diverse repertoire of upstream input through the Hippo signaling
pathway!?%!1%112 The core Hippo signaling pathway consists of NF2, MST1/2, SAV1, MOBI,
and LATS1/2 that initiates a phosphorylation cascade, leading to the phosphorylation of
YAP/TAZ. YAP/TAZ are sequestered in the cytoplasm and targeted for proteasomal degradation
when phosphorylated. YAP/TAZ function as mechanosensors via G-protein coupled receptor
signaling, a large family of cell surface receptors can activate or inhibit YAP/TAZ in a Ras
homolog family member A (RhoA) mediated manner by inducing actin cytoskeletal
reorganization - RhoA is a small GTPase. Alternatively, mechanical forces such as substrate
stiffness and shear force can regulate YAP/TAZ by inducing cytoskeletal stress Furthermore,
YAP/TAZ are metabolic sensors, whose function is inhibited when under energy stress. Receptor
tyrosine kinases, a family of high affinity surface receptors for growth factors can regulate
YAP/TAZ activity. When dephosphorylated, YAP/TAZ translocate into the nucleus, initiating
the transcription of genes involved in cell proliferation, cell fate decisions, organogenesis, wound
healing and regeneration, mechanosensing, and metabolism'®~!'!. AMPK: AMP-activated

protein kinase; NF2: Neurofibromatosis type 2. Drawn on BioRender.com.
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1.5. Hypothesis and Objectives of Study

In our recent work, we found that DC function is intertwined with mechanical cues. The
purpose of this current study is to understand how mechanical signals are translated into
biochemical signals by probing for the mechanisms controlling DC mechanosensing — an area
that is unexplored. Investigating the role of YAP/TAZ is particularly captivating as we saw
upregulated expression of TAZ, a transcription co-activator known to be involved in
mechanosensing. Taking into consideration of prior studies on YAP/TAZ, we hypothesize that

the loss of YAP/TAZ will impair the mechanosensory capacity of DCs, thus altering metabolic

programming to attenuate the substrate stiffness mediated enhancement of DC function. The

knowledge gained in this study will provide valuable insight that is applicable to the
development of novel DC mediated therapy, such as boosting vaccination effectiveness or

dampening/bolstering immune responses through the manipulation of DC mechanosensing.

The experimental setup encompasses an in vitro and in vivo component. For in vitro
studies, GM-DCs are used. GM-DCs are cultured on plastic culturing plates and plates coated
with polydimethylsiloxane gels with a stiffness of 2 and 50 kPa. GM-DCs are purified at the end
of the culturing for downstream analysis. The BM precursors are from wildtype and KO mice
that have CD11c specific single knockout of YAP and TAZ or double knockout using the Cre-
lox system. For in vivo studies, the YAP/TAZ KO mice are infected with mouse adapted HIN1

influenza virus. Using this experimental setup, we will address three questions:

1. How does substrate stiffness regulate DC metabolism?
2. Does the loss of YAP/TAZ affect the homeostasis & function of DCs?

3. Is the anti-viral response of mice with CD11c-specific YAP/TAZ deficiency
impaired?
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Chapter 2: Methods & Materials

2.1. Mice

6-12 weeks old commercially available mice were used for experiments (Jackson
Laboratory). OT-1 transgenic mice (003831) were used for CD8" T cell activation assays.
Dendritic cell-specific Yap/Taz conditional knock out mice (CD11c-Cre" YAPY? and CD11c-
Cre" TAZ"M) via a CD11c promoter-driven Cre recombinase transgene (CD11c-Cre) were
generated using CD11c-Cre (008068), TAZ(032669), and YAP™ (027929) mice'?¢~'2%, All mice
are bred and housed in a pathogen-free, temperature-controlled, and 12 hr light and dark cycle
environment at the University of Alberta Health Sciences Laboratory Animal Services mouse
barrier facility. All the experimental procedures were approved by the Animal Care committee at

the University of Alberta. Mice genotypes were confirmed by PCR and gel electrophoresis.

2.2. Flow cytometry

Single cell suspension from various organs were used for flow cytometry. Cell viability
was determined by LIVE/DEAD Near-IR staining (ThermoFisher). Fluorophore conjugated
antibodies were diluted 1/200 unless otherwise recommended by the supplier prior to surface and
intracellular staining at 4°C for 30 min. Intracellular staining was done after fixation and
permeabilization with FOXP3 staining buffer set (eBioscience). For intracellular cytokine assays,
cell suspensions were first stimulated with phorbol myristate acetate in the presence of Golgi
Stop (PMA+, eBioscience) for 4 hr. Viral specificity of T cells from HINI infected organs were
stained with tetramers (NIH). Permeabilized/fixed samples and viral infected samples were
resuspended in permeability buffer or 1% paraformaldehyde, while unfixed samples were

resuspended in FACs buffer for flow cytometric analysis on a BD LSR Fortessa-SORP and BD
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Fortessa X-20 at the Flow Cytometry Facility (University of Alberta). FACS plots were

generated using FlowJo software.

2.2.1. ImageStream flow cytometry

Nuclear translocation of YAP and TAZ in purified CD11¢" BMDCs were quantified by
image flow cytometry. Surface staining were done as described. Intracellular staining for nuclei
(DAPI, BioLegend), YAP, and TAZ were done following fixation and permeabilization with
FOXP3 staining buffer set (eBioscience). Fluorophore conjugated (Santa Cruz Biotechnology)
and unconjugated (Cell Signaling) TAZ specific antibodies were used. ImageStream flow
cytometry was carried out on an Amnis ImageStream Flow Cytometer at the Flow Cytometry
Facility (University of Alberta). The IDEAS application was used to analyze ImageStream data,
and the translocation scores were calculated using the program’s translocation similarity score

algorithm.

2.3. Polydimethylsiloxane (PDMS) hydrogels

Cell culturing plates with a tension of 2 kPa and 50 kPa were made using Dow Corning
Sylgard 527 silicone dielectric gel (Part A and B, Ellsworth). To obtain the appropriate tensions,
part A and B were mixed at the following ratio - for 2 kPa gel, the ratio of A:B was 1.2 and for
50 kPa the ratio of A:B was 0.3. 6-well plates were coated with 2 mL of gel/well then incubated
overnight at 60°C to polymerize. After 24 hrs, the coated plates are sterilized by UV irradiation
for 15 minutes. Prior to use, plates are coated with fibronectin (1pg/ml in PBS, Sigma) for 6 to
24 hr followed with 2 times washing with PBS. The elastic tension of the gels using the
described ratios were confirmed by our collaborators at the University of Toronto on a JPK

NanoWizard II (JPK Instruments) atomic force microscope.
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2.4. Culturing of BMDCs

1.2, BM progenitor cells are harvested

BMDCs were cultured using a protocol by Inba et a
from the femur and tibia of mice. The BM is flushed with PBS followed with hemolysis. Cells
are hemolyzed at room temperature for 5 minutes then washed with PBS. Cells are resuspended
and grown at a density of 4 x 10° /3mL in GM-CSF (20ng/ml) in cell culturing medium (RPMI-
1640 (Wisent) supplemented with Penicillin (100 U/ml, Sigma), Streptomycin (100pg/ml,
Sigma), L —glutamine (2 mM, Sigma), 2-mercaptoethanol (50 uM, Sigma), and 10% heat-
inactivated and FBS (Wisent)). At day 3 and 6, cells are supplemented with 2 mL of GM-CSF

(20 ng/mL). Cultured cells are harvested on day 7 and purified using a CD11c¢ positive selection

kit (Stemcell) following manufacturer’s instructions.

2.5. Carboxyfluorescein succinimidyl ester (CFSE) antigen presentation assay

OT-1 T cell proliferation was examined using a 2-day CFSE assay. OT-I T cells are
harvested from the bone marrow of OT-1 transgenic mice and purified with an EasySep™ mouse
CD8" negative selection kit (STEMCELL technologies) according to manufacturer’s protocol.
Purified CD8" cells are labelled with CellTrace™ CFSE (ThermoFisher). Each well of a 96-well
plate were seeded with 500000 OT-1 T cells and 5000 purified CD11¢" DCs and treated with 0

A257-264+

pg/ml, 0.01 pg/ml, or 0.1pg/ml of OV peptide (GenScript). Proliferation was measured

by flow cytometric analysis for the dilution of CFSE.

2.6. Dendritic cell activation assay

DC response to LPS stimulation in vitro was evaluated by measuring the expression of
DC activation marker and cytokine production. Purified CD11¢” DCs were treated with 0.1
pg/ml LPS with or without the addition of 125 nM of verteporfin. Cells were harvested after 1

day and the expression of CD80, CD86, CD40, and Ki67 were examined by flow cytometry.
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2.7. Metabolic assays

Glycolysis and mitochondrial respiration of purified CD11¢" GM-DCs were quantified on
an Agilent Seahorse XFe24 metabolic flux analyzer (provided by Dr. Evangelos Michelakis,
University of Alberta) using a glycolytic and mitochondrial stress test kit (Agilent
Technologies). On the day before the assay, 24-well Seahorse XF24 V7 PS cell culture
microplates (Agilent Technologies) are pre-coated with Corning™ Cell-Tak Cell and Tissue
Adhesive (Fisher Scientific) overnight to promote the formation of a monolayer. On the day of

the assay, cells are plated at a final density of 1.0 x 10° cells/mL.

The metabolic assays were performed following manufacturer’s instructions. Rate of
glycolysis and glycolytic capacity was calculated using the readout from the instrument
programmed to take three repeated-measurements at baseline and following injection of glucose
(measurements 3 - 6), oligomycin (measurements 7 - 9), and 2-deoxyglucose (measurements 10
—12), respectively (Figure 2.2). Rates of glycolysis and glycolytic capacity were calculated by
subtracting glucose-induced extracellular acidification (ECAR) (6™ measurement) or oligomycin
induced ECAR (9" measurement) from the baseline after 2-DG treatment (12" measurement),
respectively. To quantify oxidative metabolic flux, the instrument provides three repeated
measurements at baseline and following injection of oligomycin (measurements 3-6), carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) (measurements 7-9), and rotenone &
antimycin A (measurements 9-12). Mitochondrial respiration and maximal respiratory capacity
were calculated by subtracting the basal (3™ measurement) or maximal (9" measurement) from
baseline (12" measurement). Glucose uptake was measured by allowing DCs to uptake the
fluorescent glucose analog, 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol4-yl)Amino)-2-Deoxyglucose (2-

NBDG, Cayman Chemical), followed by flow cytometric analysis.
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Figure 2.1. Outline of drug targets used in Seahorse glycolysis and mitochondria stress
assays. (A) Glycolytic flux is measured by the acidification of media mainly due to the
production of lactate by lactic acid fermentation. The first treatment is the addition of glucose to
drive glycolysis in a process mediated by HK phosphorylating glucose into G6P. The second
treatment is oligomycin to shut down mitochondrial respiration via ATP synthase inhibition —
this forces the cell to upregulate glycolysis and undergo lactic acid fermentation to recycle
metabolites needed to sustain glycolysis for ATP generation. The third and last treatment is with
2-DG, an analog of glucose that cannot be metabolized by phosphoglucose isomerase, thereby
shutting down glycolysis. (B) Figure depicting the mitochondrial electron transport chain
involved in aerobic respiration. As this is an oxygen dependent pathway, mitochondrial
respiration is measured based on changes to oxygen consumption. The first treatment in this
assay is the addition of oligomycin to disrupt electron flow through at complex V, thereby
reducing oxygen consumption. The second treatment is FCCP, a proton gradient uncoupler that
disrupts the mitochondrial membrane potential, allowing electrons to flow through the ETC
uninhibited and increases oxygen consumption when the protons reach complex IV. Lastly, to
shutdown mitochondrial respiration entirely, rotenone/antimycin-A is added to block electron

flow. Images were taken from the Seahorse product manuals.

42



rygen Lonsumpbon Kate (DCH

-
=

Glycolytic Function
Glucose Dlignpwl:in E-PG

Glycolytic
Reserve

ECAR [mpH/min]
(]

0 M0 20 30 40 50 &0 70 80 90 100
TIME [minutes)

Seahorse XF Cell Mito Stress Test Profile
Mitochondrial Respiration

Rotencns &
CHigormyein FCoP artimycin A

i ] Lled 20 20 A0 &0 [=1rd 70 By 90 100 110
TIME {(rrurutes)

43



Figure 2.2. Sample curves generated from the Seahorse glycolysis and mitochondria stress
test assays. The Agilent Seahorse XFe24 metabolic flux analyzer makes triplicate recording
during the assays before and after treatment with specific drugs. (A) Glycolysis is measured by
extracellular acidification (ECAR). Glucose, oligomycin, and 2-DG are administered at different
time points to promote or inhibit glycolysis. Rates of glycolysis and glycolytic capacity were
calculated by subtracting glucose-induced ECAR (6 measurement) or oligomycin induced
ECAR (9" measurement) from the baseline after 2-DG treatment (12" measurement),
respectively. (B) OXPHOS activity is measured by changes to oxygen consumption rate (OCR).
The cells are administered oligomycin, FCCP, and rotenone/Antimycin-A at different time points
to stress the mitochondria. Mitochondrial respiration and maximal respiratory capacity were
calculated by subtracting the basal (3™ measurement) or maximal (9" measurement) from

baseline (12" measurement). Images were taken from the Seahorse product manuals.
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2.8. HIN1 influenza infection model

Mice were infected intranasally with 0.175 HAU of Puerto Rico strain HIN1 influenza A
virus (PR8) (provided by Dr. Kevin Kane, University of Alberta) and euthanized 9 days post-
infection. The immunization protocol was kindly provided and demonstrated by Gang Zhou from
the Kane lab. Body weight was recorded prior to infection and monitored daily at similar times.
The lung, spleen, and mediastinal lymph node were obtained from HIN1 infected mice for
quantification. HIN1 infected mice were housed in a pathogen-free, temperature-controlled, and
12 hr light and dark cycle environment at the University of Alberta Health Sciences Laboratory

Animal Services level 2 biocontainment facility.

2.9. Tissue isolation & digestion

The mediastinal lymph node, lung, and spleen were retrieved from healthy or infected
mice after euthanasia for processing. Lungs were flushed with PBS - a single lobe is weighed
then digested for downstream applications. Lung tissue is minced and digested with gentle
shaking for 1 hr. Spleens and digested lungs were passed through a 40 pL cell strainer prior to
hemolysis. Mediastinal lymph nodes were processed by passing through a cell strainer without

hemolysis.

2.10. Western Blotting

The expression and phosphorylation of YAP, TAZ, AKT, and S6 ribosomal protein were
quantified by western blotting using standard protocol. Cell lysates from purified CD11¢" DCs
were prepared using commercial cell lysis buffer (Cell signaling) and protease/phosphatase
inhibitor (Cell Signaling) according to manufacturer instructions. Protein concentration was
determined using a Pierce™ BCA Protein Assay Kit (ThermoFisher). 25 to 50 pg of protein

were loaded with 1x Laemmli Sample Buffer (BIO-RAD) and resolved on 8% Tris-Glycine gel
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then transferred onto a polyvinylidene difluoride membrane (Millipore). After transfer, the
membrane was blocked with Intercept™ TBS blocking buffer (Li-Cor) for 1 hr. Antibodies used
for western blots were diluted in Intercept™ antibody diluent T20 TBS buffer (Li-Cor). Primary
antibodies were diluted as follow: actin 1/2000, phospho-AKT and phospho-S6RP 1/500, total
AKT & S6RP 1/1000. Secondary antibodies were diluted 1/1000. Membrane development
proceeded with 1° antibody incubation overnight at 4°C then with detection antibody (Li-Cor) at
room temperature for 1 hr. The developed membrane was scanned using an Odyssey Fc Imaging

System. Protein bands were quantified using the Li-Cor Image Studio Acquisition Software.

2.11. Statistical analysis
All statistical analyses were performed using the GraphPad Prism 9 software. The
number of biological replicates is listed as the n value in figure legends. Statistical significance

was assessed using Mann-Whitney U- test or students T-test set at p <0.05.

2.12. Tables of reagents and software
Table 1. List of antibodies used for flow cytometry or Western Blotting. All listed antibodies are

available commercially.

Reagents Clone Source Catalog number
Antibodies

TAZ (ESE9G) Rabbit mAb E8E9G Cell Signaling 83669

TAZ Antibody (D-8) PE D-8 Santa Cruz sc-518026 PE
Biotechnology

YAP1 Antibody (G-6) Alexa | G-6 Santa Cruz sc-376830 AF647

Fluor 647 Biotechnology

PE anti-mouse TNF-a MP6-XT22 | BioLegend 506306

antibody
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APC/Cyanine7 anti-mouse GK1.5 BioLegend 100414
CD4 antibody

Brilliant Violet 711 anti- 30-F11 BioLegend 103147
mouse CD45 antibody

PE/Dazzle 594 anti-mouse GL-1 BioLegend 105042
CD86 antibody

Brilliant Violet 421 anti- XMG1.2 BioLegend 505830
mouse [FN-y antibody

Pacific Blue anti-mouse I-Ab | AF6-120.1 BioLegend 116422
antibody

Alexa Fluor 488 anti-mouse 16-10A1 BioLegend 104716
CD80 antibody

FITC anti-mouse CD40 HM40-3 BioLegend 102906
antibody

FITC anti-mouse/human M1/70 BioLegend 101206
CD11b antibody

Alexa Fluor 647 anti-mouse | N418 BioLegend 117312
CD11c antibody

PE/Cyanine7 anti-mouse 145-2C11 BioLegend 100320
CD3¢ antibody

PerCP/Cyanine5.5 anti- AF6-120.1 BioLegend 116416
mouse [-Ab antibody

eFluor 450 anti-mouse M1/70 ThermoFisher 48-0112-82
CD11b antibody

PE/Dazzle 594 anti-mouse 16A8 BioLegend 652428
Ki-67 antibody

PerCP/CyanineS5.5 anti- GKI1.5 BioLegend 100434
mouse CD4 antibody

APC anti-mouse CD103 2E7 BioLegend 121414
antibody

APC anti-mouse CD64 X54-5/7.1 BioLegend 139305
antibody
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PE/Dazzle 594 anti-mouse 16A8 BioLegend 652428
Ki-67 antibody

Brilliant Violet 510 anti- MEL-14 BioLegend 104441
mouse CD62L antibody

Purified anti-B-actin 2F1-1 BioLegend 643801
Antibody

Phospho-AKT (Ser473) XP D9E Cell Signaling 4060
Rabbit mAB

Phospho-AKT (Thr308) XP | D25E6 Cell Signaling 13038
Rabbit mAb

Phospho-S6 Ribosomal 91B2 Cell Signaling 4857
Protein (Ser235/236) Rabbit

mAb

IRDye 680RD Goat anti- N/A Li-Cor 926-68170
Mouse

IRDye 680RD Goat anti- N/A Li-Cor 926-68171
Rabbit

Table 2. List of reagents used for cell culturing, digestion of lung tissues, or Western Blotting.

Chemicals & Peptides
DAPI BioLegend 422801
Fibronectin Millipore-Sigma F1141
2-NBDG Cayman Chemical 11046
OVAZ7264 peptide GenScript RP10611
LIVE/DEAD Near-IR ThermoFisher L34973
staining
Sodium Pyruvate ThermoFisher 11-360-070
DNase Sigma D5025
Collagenase Sigma C0130
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CellTrace™ CFSE ThermoFisher C34554
4x Laemmli Sample Buffer BIO-RAD 1610747
Protease/Phosphtase Inhibitor | Cell Signaling 5872
(100x)
Cell Lysis Buffer (10x) Cell Signaling 9803
Recombinant Mouse GM- BioLegend 576304
CSF (carrier-free)
Murine (PR8) HIN1/H-2D® | NIH N/A
Tetramer
Intercept™ Antibody Diluent | Li-Cor 927-65001
T20 TBS
Intercept™ Blocking Buffer | Li-Cor 927-60001
TBS

Table 3. List of commercial assays and kits used.

Commercial Assays/Kits

EasySep™ Mouse CD8" T Stemcell 19853A
Cell Isolation Kit
EasySep™ Mouse CD11c Stemcell 18780
Positive Selection Kit I1
FOXP3/Transcription Factor | eBioscience 00-5523-00
Staining Buffer Set
Pierce™ BCA Protein Assay | ThermoFisher 23227
Kit
Immobilon-FL PVDF Millipore-Sigma N/A
membrane
Corning® Cell-Tak™ Cell Corning 354240

and Tissue Adhesive
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Table 4. List of software used for data analysis.

Software
FlowlJo FlowJo, LLC N/A
GraphPad Prism 9 GraphPad Softwares N/A
IDEAS Application Amnis N/A
Image Studio Software Li-Cor N/A

50




Chapter 3: Mechanosensing Modulates DC Metabolism and Function

3.1 Contributions

The work characterizing the effects of substate tension on DC cytokine production and
maturation presented in this chapter were conducted by the Tsai lab and our collaborators, of
which contributed to data analysis - a complete list of authors could be found here!?’. This study
on substrate stiffness modulating DC biology 1s an important foundation from which I expanded
on with the help and guidance of Dr. Sue Tsai by investigating whether DC metabolism is also
affected by substrate stiffness. Undergraduate student Camille Huang assisted in the preparation
of metabolic assays. Seahorse glycolysis and mitochondria stress kits were used to examine
substrate associated metabolic alterations in DCs. These assays are performed using a key piece
of instrument, the Seahorse XFe24 metabolic flux analyzer. Access to a Seahorse XFe24
metabolic flux analyzer was kindly provided by Dr. Evangelos Michelakis (University of
Alberta). The work characterizing the nuclear translocation of YAP and TAZ in BMDCS with
ImageStream flow cytometry was performed by me with assistance from undergraduate student

Felicia Kanji.

3.2 Introduction

Lymphocytes undergo substantial metabolic reprograming following activation to support
biosynthesis and functionality®'32, In the case of mature DCs, both glycolysis and OXPHOS are
active at a low rate relative to activated DCs. Rapid glycolytic flux is observed following PRR
ligation, such as TLR stimulation, to support the production of metabolic intermediates necessary
to synthesize ATP, development, and function. AKT1 is activated downstream of LPS stimulated
DCs, that goes on to critically activate HK by phosphorylation®* (Figure 1.1 & 1.4). HK

mediated conversion of glucose to G6P initiates glycolysis and prevents glucose molecules from
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leaving the cytoplasm. This critical step promotes the upregulation of glycolysis and metabolic
pathways required for endoplasmic reticulum (ER) and Golgi biogenesis®. These metabolic
pathways in turn support the expression of proteins required for DC function — namely, MHC,
co-stimulatory ligands, and cytokines®. Thus, metabolic reprogramming constitutes an
indispensable process for DC biology and functionality. In addition to PRR ligation, non-

classical immunological sensing mechanisms from the environment can also activate DCs'%,

As discussed previously, mechanical signals modulate the functionality and maturation of
macrophages, T cells, and B cells. Given the role of DCs as APCs, the study on the impact of
mechanical signals on DCs can provide insights into a novel parameter for consideration in the
understating the development of disease and its treatment. Through our work and the efforts of
Mennen et al., substrate stiffness has recently been identified as a stimulus regulating DC
biology!°!%7. The mechanism regulating this process is currently unknown but given that
metabolism is closely intertwined with physiological processes, I postulate that DC metabolic
flux is regulated by mechanosensing, which in turn shapes DC function. Of the multiple
metabolic pathways, I have chosen to focus on glycolysis and OXPHOS flux due to their

prominence as two major energy generating pathways.

Glycolysis is a metabolic pathway that is upregulated in active DCs, and the products of
glycolysis feeds into multiple pathways that eventually intersect in the OXPHOS pathway in
respiring cells. The availability of assays designed to measure glycolysis and OXPHOS permits
in depth and accurate characterization, thus making investigation of these pathways more
feasible. The DCs used in my study are generated in vitro, as isolation of primary DCs from
digested animal tissues is an inefficient process often resulting in low yield. To address this

issue, BMDCs are the primary DC subtype used - generated using an established protocol by
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culturing precursor BM cells with GM-CSF for 7 days on plastic culturing plates or house-made

plates coated with hydrogels with a stiffness of 2 and 50 kPa.

In this chapter, my primary focus is to investigate substrate stiffness associated metabolic
changes in BMDCs conditioned on different substrate tension. Using Seahorse glycolysis and
mitochondria stress test kits, I demonstrate for the first time the substrate stiffness enhancement
on DC function is associated with a metabolically active state. Using an antigen presentation
assay, I saw that the substrate stiffness associated effects are lost when BMDCs are pre-treated
with the glycolysis inhibitor 2-DG. In this experiment, T cell proliferation were reduced when
co-culture with pre-treated BMDC. Furthermore, consistent with substrate stiffness affecting
BMDC metabolism, I observed changes to the AKT signaling pathway that regulate metabolic

reprogramming.

3.3 Results

3.3.1 Substrate stiffness modulates BMDC maturation

When DCs are activated, new proteins are synthesized and expressed on the cell surface
to support their ability to activate T cells. Upon PRR activation, the surface expression of the co-
stimulatory receptors CD80, CD86, and MHC II are normally upregulated. The expression of
these surface markers was used to determine if substrate stiffness could modulate BMDC
maturation. Our study was performed by LPS stimulation of BMDCs that were conditioned on
hydrogel with stiffnesses of 2 and 50 kPa for 7 days. The expression of CD80, CD86, and MHC
IT was determined by mean fluorescence intensity (MFI) using flow cytometry (Figure 3.1a-c).
We saw that LPS activated BMDCs grown on 2 kPa had a lower activation marker expression
than BMDCs conditioned on 50 kPa. Substrate stiffness was associated with a significant 2-fold

higher expression of CD80 and CD86 on 50 kPa than 2 kPa (Figure 3.1a-b). Consistent with
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stiffness promoting DC maturation, there is a trending increase of MHC II expression (Figure

3.1¢).

Given that DCs traverse different microenvironments during recirculation and may
encounter tissues with altered mechanical properties during inflammation and disease, we next
asked whether the effects of substrate stiffness on DC maturation was reversible'?’. To address
this, I cultured BMDCs on plastic substrate for 7 days then an additional 2 days on either plastic
or 2 kPa hydrogel. BMDCs were purified by positive selection on the 9" day and an equal
number of BMDCs were stimulated with LPS overnight. The reversibility of substrate stiffness
on BMDC maturation was examined based on the MFI of CD40, CD80, CD86, and MHC II
(Figure 3.1d-g) — CD40, which was not examined in the earlier experiments, is another co-
stimulatory molecule expressed by DCs. A longer culturing duration after substrate transfer was
not considered for the experiment given the short life span of DCs. The LPS stimulated BMDCs
that were conditioned only on plastic had a significantly higher MFI for CD40, CD80, CD86,
and MHC II compared to BMDCs that were initially conditioned on plastic then transferred to 2
kPa. Altogether, this data suggests substrate stiffness is a non-classical immunological parameter

that can regulate DC maturation, with the effects being partially transient.
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Figure 3.1. Substrate stiffness modulates BMDC maturation in a reversible process. (A-C)
The surface expression of CD80, CD86, and MHC II after LPS stimulation by BMDCS
conditioned on 2 kPa and 50 kPa was evaluated by flow cytometry using antibodies specific for
the molecules of interest (n=6). (A) Surface expression of CD80. (B) Surface expression of
CD86. (C) Surface expression of MHC II. (D-E) Bar graphs showing the surface expression of
MHC I1, CD40, CD80, and CD86 after overnight LPS stimulation of purified BMDCs
conditioned on plastic for 7 days that were then transferred to 2 kPa or remained on plastic
substrates for an additional 2 days to examine the reversibility of tension (D) Surface expression
of MHC II. (E) Surface expression of CD40. (F) Surface expression of CD80. (G) Surface
expression of CD86. An equal number of purified BMDCs was stimulated to examine the
reversibility of tension (100000 cells) (n=3). The mean fluorescence intensity (MFI) was
examined in the live CD11¢" MHC II" high population in Flowjo. Data are presented as mean +/-

SEM. **p <0.01, ***p <0.001 as determined by Mann-Whitney U test or unpaired T test.
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3.3.2 Substrate stiffness modulates DC proinflammatory cytokine production
Since substrate stiffness could affect DC maturation, and stiffness is known to modulate

196 this led us to consider if

the expression of some PRRs without immunogenic stimulation
substrate stiffness could additionally impact DC effector function. One approach to address this
question was by examining DC production of pro-inflammatory cytokines TNFa and IL-6 using
Luminex assay and enzyme-linked immunosorbent assay (ELISA), and by intracellular flow
cytometry after LPS stimulation (Figure 3.2). This was performed by stimulating BMDCs
cultured on 2 and 50 kPa hydrogels with LPS for 24 hours. Using multiplex assay to study a
diverse number of cytokines known to be produced by DCs, we found that 50 kPa conditioned
BMDCs upregulated IL-1a, IL-1pB, IL-6, IL-12, monocyte chemoattractant protein-1 (MCP-1),
macrophage-inflammatory protein-2 (MIP-2), and TNF-a (Figure 3.2a). Congruent with this, a
higher percentage of IL-6 and TNF-a positive BMDCs was observed by intracellular cytokine
staining (Figure 3.2b). We next performed an ELISA to examine the effects of substrate
stiffness alone on TNFa production. In the absence of LPS stimulation, we observed decreased
TNF-a production by BMDCs cultured on pliant stiffness versus 50 kPa (Figure 3.2¢). In
tandem with LPS stimulation, BMDCs of 50 kPa significantly upregulated production of TNF-a
compared to 2 kPa (Figure 3.2d). Taken together with our observations from the multiplex
assay and intracellular cytokine staining experiment, it appears that substrate stiffness alone is a

non-classical parameter regulating pro-inflammatory cytokine production but can additionally

strengthen DC cytokine production in tandem with LPS as an immunological stimulus.
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Figure 3.2. Substrate stiffness modulates DC proinflammatory cytokine production.
Production of pro-inflammatory cytokines after LPS stimulation produced by BMDCs
conditioned on 2 or 50 kPa substrates for 7 days was examined by Luminex assay and ELISA in
addition to intracellular flow cytometry. (A) Concentration of various cytokines and chemokines
produced by BMDC:s after LPS stimulation quantified by multiplex (Luminex) assay (n=5). (B)
Percentage of TNFa" DCs (n=5). (C) Percentage of IL-6" DCs (n=6). (D) Concentration of TNFa,
produced with or without LPS stimulation quantified by ELISA (n=4). Data are presented as

mean = SEM. *p < 0.05, **p <0.01 as determined by Mann-Whitney U test.
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3.3.3 Substrate stiffness alters DCs’ ability to present antigen and activate T cells

A major function of DCs is the activation of T cells by providing encountered cognate
antigens and co-stimulatory signals for activation. In response to substrate stiffness, DCs
upregulated expression of MHC II, CD80, and CD86, all of which are important cell surface
proteins involved in T cell activation and survival (Figure 3.1). This unique phenotype acquired
from conditioning on stiff substrate suggests that these DCs may be more proficient at activating
T cells. To address this, an in vitro proliferation assay was performed to measure the ability of
DCs to activate T cells by co-culturing with BMDCs (Figure 3.3a). The ability of DCs to present
antigen was quantified by T cell proliferation. This assay was performed by first pulsing BMDCs
with OVA peptide. The BMDCs used were previously cultured on 2 kPa, 50 kPa or plastic
conditions as described. After pulsing, the BMDCs are co-cultured with carboxyfluorescein
succinimidyl ester (CFSE) labelled CD8" OT-I T cells. These T cells have a transgenic TCR
specific for the OVA peptide, allowing us to measure the ability of DCs to activate T cells using
OVA peptide. CFSE covalently stain cells by crossing the plasma membrane, allowing T cell
proliferation to be visualized by CFSE dilution after each cycle of division (Figure 3.3b). T cells
were most proliferative when co-cultured with BMDCs that were previously conditioned on
plastic. In contrast, 2 kPa conditioned BMDCs were poor activators of T cells (Figure 3.3).
Altogether, DCs grown on higher stiffness were better antigen presenters than BMDCs of pliant
stiffness, and this propensity for BMDCs of higher stiffness to better activate T cells is consistent
with substrate stiffness-associated upregulation of co-stimulatory molecules seen prior. T cells

proliferated more when cultured with BMDCs grown on stiffer substrates versus pliant stiffness.

60



A)

B)

C)

Neormalized Counts

Dendritic Cells

Culture BMDCs with GM-CSF
on 2 kPa, 50 kPa and plastic

l 7 days

Harvest &
purify BMDCs
T cells
Pulse with
OVA peptide Purify splenic
l CD8 OT-I T cells
Treat with or 1
without 2-DG | —— «+—— [ Label with CFSE
l 2 days
Examine CFSE
dilution by flow
cytometry
2kPa BMDC 50kPa BMDC Plastic BMDC
10 100 = 100 1 no peptide
m+OVA,
o - w0 80
o o s 0 o 50 o
L A
40 = 0= 40 =
20 - 20 - 20 -
o= B B A He B A iy mntat SN Py ™
10’ 10° 107 10t 10° 10! 0% 0° w? 0 ' w0?
CFSE CFSE

30— | * \
| * Il 2 kPa
B 50kPa

Bl Plastic

20~

% Proliferation

Untreated

61



Figure 3.3. Substrate stiffness alters DCs’ ability to present antigen and activate T cells.
OVA pulsed BMDCs grown on 2 kPa, 50 kPa, or plastic substrates were co-cultured with CFSE
stained transgenic OT-I T cells, with or without BMDCs being pre-treated with 2-DG. (A)
Experimental outline of antigen presentation assay. (B) Representative FACs plot of OT-1 T cell
proliferation. Proliferation was determined based on CFSE dilution by flow cytometry. (C) (Left
side) Percentage of OT-I proliferation without BMDC pre-treatment (n=4). (Right side)
Percentage of OT-I proliferation with BMDCs that were pre-treated with an inhibitor of
glycolysis, 2-DG (n=4). Living cells were distinguished by cell viability staining. Data are

presented as mean = SEM. *p < 0.05 as determined by Mann-Whitney U test.
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3.3.4 Links between DC metabolism and function

Consistent with a higher expression of co-stimulatory receptors, BMDCs were also better
APCs when conditioned on higher stiffness. However, the question as to what physiological
processes connect the relationship between mechanosensing and function is unclear. Since DCs
are known to have distinct metabolic patterns when activated, one element we sought to explore
was the possibility that substrate stiffness could modulate DC metabolism and in turn affect
downstream function. To explore this, I used the same in vitro antigen presentation assay as
described, but prior to culturing BMDCs with OT-I T cells, I pre-treated the differentially
conditioned BMDCs with 2-DG, an inhibitor of glycolysis. As a reminder, 2-DG is catalyzed by
HK into a form of G6P that cannot undergo glycolysis (Figure 1.3). The percentage of
proliferating OT-I T cells substantially decreased compared to the untreated condition,
suggesting the capacity for BMDCs to activate T cells had become impaired and is metabolically
linked. Interestingly, despite inhibition of glycolysis, the plastic conditioned BMDCs was
associated with the greatest degree of T cell proliferation, perhaps indicative of substrate

stiffness also modulating metabolism (Figure 3.3).

Using Seahorse assays that are designed to measure glycolysis and OXPHOS, I was able
to investigate the possibility of substrate stiffness modulating metabolic reprogramming (Figure
2.1). Changes to metabolism are detected by a Seahorse XFe24 metabolic flux analyzer. For
these experiments BMDCs were grown on 2 kPa, 50 kPa, and plastic for 7 days, after which they
are harvested and purified using a CD11c¢" isolation kit. To quantify glycolysis, the ECAR of
media is measured as an indirect means to determine glycolytic flux. The drugs used to quantify
glycolysis are designed to favor glycolysis by shutting down OXPHOS. Glycolysis, however,

cannot run indefinitely as the electron transporter NAD required to fuel the pathway will deplete,
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resulting in an accumulation of NADH. To recycle the necessary metabolic intermediates for
prolonged glycolysis, lactic acid fermentation is concurrently upregulated to convert the end-
product of glycolysis into lactic acid. NADH is oxidized from this conversion, thereby
regenerating NAD (Figure 1.1). Overtime, the media will acidify from carbon dioxide and lactic
acid production — thus glycolysis is indirectly quantified by measuring ECAR. The principle for
measuring OXPHOS is similar. In this case, OCR is measured by stressing the mitochondria by
disrupting the electron transport chain and proton gradient. As OXPHOS is an oxygen dependent
process, cells will increase oxygen consumption in response to compensate for mitochondrial

stress.

Using the glycolysis assay, | found that BMDCs acquired distinct glycolytic profiles
contingent on the substrate stiffness they were conditioned on (Figure 3.5). Overall, BMDCs
conditioned on stiffer substrates were more glycolytic. Strikingly at baseline, the plastic
conditioned DCs have a higher ECAR than cells of 2 and 50 kPa due to non-glycolytic
acidification (Figure 3.5a). Glycolysis is upregulated at around 20 minutes in all 3 conditions
after glucose is added into the assay as fuel, with BMDCs conditioned on supraphysiological
stiffness showing the most significant increase. This glycolytic flux is further increased at 50
minutes when OXPHOS is shutdown with oligomycin treatment. Between 50 minutes and 75
minutes into the assay, plastic conditioned BMDCs maintain the greatest degree of glycolytic
flux, while 50 kPa conditioned BMDCs show a moderate increase in glycolysis relative to 2 kPa.
At 75 minutes, ECAR declined upon treatment with 2-DG, confirming the ECAR increase seen
throughout is due to glycolysis. Using the data generated from the assay, I calculated the
glycolytic rate and glycolytic capacity (Figure 3.5b-c). The glycolytic rate considers

acidification due to non-glycolytic processes, whereas the glycolytic capacity is a measurement
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of how well cells switch to glycolysis at the maximum capacity based on peak ECAR rate
following OXPHOS inhibition. For both measurements, I found that it was consistent with
ECAR being higher on stiffer substrates after glucose addition. Specifically, BMDCs of 2 kPa

had the lowest glycolytic rate and capacity while plastic is associated with the highest.

Next, I investigated whether OXPHOS in BMDCs also changed in response to substrate
stiffness by measuring for oxygen consumption flux using the Seahorse mitochondria stress test
kit. I found that cellular respiration indeed could be modulated by substrate stiffness (Figure
3.5d-f). At baseline, plastic conditioned BMDCs were the most respiratory. Oxygen
consumption declined after the addition of oligomycin at 20 minutes, but plastic conditioned
BMDC:s retained the highest OCR. At 50 minutes FCCP, an uncoupling agent that disrupts
mitochondrial membrane potential by collapsing the proton gradient is added. As a result of
FCCP treatment, electron flow through the electron transport chain is now uninhibited. In a
sense, FCCP artificially generates a demand for energy leading to maximal oxygen usage. Here,
I saw a drastic increase in OCR by plastic conditioned BMDCs and a moderate increase in 50
kPa BMDC, while 2 kPa cells responded minimally. Concluding the assay is the addition of
rotenone and antimycin-A (Rot/Anti-A) to effectively shut down OXPHOS, decreasing OCR for
all 3 substrate conditions (Figure 3.5d). Rot/Anti-A treatment is a critical step that enables the
calculation of nonmitochondrial respiration driven by respiratory processes outside of the
mitochondria. When I examined basal respiration, a measure of oxygen consumed to meet
energy demands at baseline, I found that plastic conditioned BMDCs had a significantly higher
OCR than cells of 2 kPa and 50 kPa (Figure 3.5e). Furthermore, plastic conditioned BMDCs

also had the highest maximal consumption rate after the addition of FCCP (Figure 3.5f).
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Figure 3.5. Substrate stiffness modulates DC metabolism. Analysis of glycolytic (A-C) and
OXPHOS (D-F) flux in purified BMDCs grown on 2 kPa, 50 kPa, or plastic for 7 days by
Seahorse assays. Glycolysis is measured in units of extracellular acidification rate (ECAR) and
OXPHOS by oxygen consumption rate (OCR). (A) Overall curve of ECAR in response to drug
treatment. (B) Rate of glycolysis (C) The maximum capacity by which cells derive energy
through glycolysis measured as glycolytic capacity. (D) Overall curve of OCR in response to
drug treatment. (E) Rate of OCR. (F) The maximum rate of respiration in response to energy
demands induced by FCCP. 24-well microplates were pre-treated with Corning™ Cell-Tak Cell
and Tissue Adhesive to ensure a monolayer of cells were formed. BMDCs were plated at a
density of 1.0 x 10° cells/mL. Formulae used to derive rate of glycolysis, glycolytic capacity, rate
of oxygen consumption, and maximal respiration can be found in methods. Data are presented as
mean = SEM. *p < 0.05, *xp < 0.01, *x*p < 0.001 as determined by Mann-Whitney U test. 2-
DG, 2-deoxyglucose; G, glucose; FCCP, carbonyl cyanide-4 (trifluoromethoxy)

phenylhydrazone; O, oligomycin; Rot/anti-A, rotenone/antimycin-A.
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3.3.5 Tension induces phospho-AKT1 & phosphor-S6RP signaling in BMDCs

mTOR is a major pathway that regulates metabolism'®°. The activation of mTOR
signaling is controlled by the conserved AKT signaling pathway (Figure 1.6)'*°. mTOR is
indirectly activated by AKT following a cascade of downstream phosphorylation events'*’. The
activity of AKT is regulated by phosphorylation at Ser473 in response to growth factors. As
nutrient sensors, a central function of AKT/mTOR signaling is to coordinate anabolic and
catabolic processes according to nutrient availability!3®!3!, For innate immune cells, AKT/mTOR
mediated metabolic reprogramming sustains homeostasis and function!®!. For example, AKT is a

regulator of hexokinase, and the gene expression of hexokinase is regulated by mTOR'°,

So far, we have observed supraphysiological stiffness led to DCs acquiring a metabolic
phenotype that is reminiscent of immunologically active DCs. To better understand the
mechanism linking tension to an active metabolic state, I sought to determine if AKT signaling is
involved. The activation of AKT is particularly enticing to study in the context of substrate
stiffness since a recent study by Cho et al. reported a core component of Hippo signaling, MST-1
is a potential upstream regulator of AKT activity in DCs'?2. In the study, Cho et al. demonstrated
MST]1 deficiency led to the hyperactivation of moDCs via AKT signaling. Furthermore, a
separate study reported Mstl was indispensable for CD8" T cells metabolic reprogramming and

123

function “~°. However, the focus of both studies was not on mechanosensing, but their metabolic

discoveries involving Mstl is relevant here because Mst-1 in non-immune cells is known to be

involved in mechanosensing as a key member of the Hippo signaling pathway'%:!!2,

Given that activated AKT is phosphorylated, a promising starting point to study the
mechano-metabolic relationship is to investigate the phosphorylation state of AKT from DCs

that have been cultured on different stiffness conditions. To achieve this, [ used Western blotting.
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This was performed by blotting for phospho-proteins in lysate made from purified BMDCs
cultured as described. By doing so, I found that increasing substrate stiffness correlated with an
increasing phosphorylation of AKT at Ser473 (Figure 3.6a-b). AKT phosphorylation was the
lowest in the 2 kPa condition but the highest on supraphysiological tension. To further
investigate the involvement of AKT/mTOR signaling, I also probed for the phosphorylation of
S6RP (Figure 3.6¢c-d). S6RP is indirectly activated by AKT through the activation of mTOR
(Figure 1.2). Congruent with increasing AKT phosphorylation, I saw more S6RP
phosphorylation as substrate stiffness increased. Curiously, the expression of total S6RP in
BMDC:s also increased in response to substrate stiffness. Altogether my Western blot results
suggest substrate tension associated metabolic reprogramming of DCs could potentially involve

AKT/mTOR/S6RP signaling and altered protein expression of S6RP.
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Figure 3.6. Substrate tension induces the phosphorylation of AKT1 and S6RP. Western
blotting for phosphorylated AKT1 (Ser473) and S6RP from whole cell lysates made from
BMDCs conditioned on 2 kPa, 50 kPa, and plastic. (A) Western blot of phospho-AKT1 (Ser473)
(n=2). (B) Quantified phospho-AKT1 (Ser473) bands from blot normalized to total AKT. (C)
Western blot of phospho-S6RP. (D) Quantified phospho-S6RP bands from blot normalized to
total S6RP (n=2). 20 ug of proteins were loaded per column for Western blotting. The
quantification of protein bands was done using the Li-Cor Image Studio Acquisition Software.

Statistical analysis could not be conducted due to a n value of 2.
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3.3.6 TAZ and YAP translocate into the nucleus in BMDCs under mechanical stress

To identify potential mechanisms mediating DC mechanosensing, RNA sequencing was
performed on BMDCs cultured on 2 and 50 kPa hydrogels (Figure 4.2a). At the transcription
level, the gene encoding for TAZ, Wwrtl, was one of the most significantly upregulated genes in
BMDCs conditioned on 50 kPa gel. To expand on this, the expression of Wwrtl in splenic DCs
on 2 kPa, 50 kPa, and plastic was examined with real-time PCR (Figure 4.2b). Consistent with
the RNA sequencing results, Wwrtl expression was positively affected by stiffness. Relative to 2
kPa, the expression of Wwrtl increased in BMDCs grown on stiffer substrates. Furthermore, our
collaborators used integrated pathway analysis bioinformatics to examine potential genes
controlled by TAZ. From this, the upregulated expression of TAZ is predicted to affect metabolic
processes. Some notable metabolic genes regulated by TAZ included Myc, Sic2al, and Hk2,
which encodes for MYC, glucose transporter 1, and hexokinase 2, respectively (Figure 4.2¢).
This upregulation of TAZ could possibly explain the distinct metabolic reprogramming we saw

earlier in the Seahorse (Figure 3.5).

The activity of YAP/TAZ are regulated by sequestration in the cytoplasm and initiate
transcriptional programs via TEAD binding within the nucleus (Figure 1.6). When cells are
exposed to soft substrates, YAP/TAZ are cytoplasmic, but they translocate into the nucleus when
under mechanical stress. To investigate YAP/TAZ activity at the protein level, ImageStream
flow cytometry was performed to probe for the translocation of YAP/TAZ in BMDCs under 2
versus 50 kPa conditions (Figure 4.3a). Comparison of protein localization of YAP/TAZ vs
DAPI-stained nuclei shows a trend to increase in YAP and TAZ nuclear localization (Figure
4.3b). Altogether, the results hint at the possibility that YAP/TAZ could be mediating the

conversion of external mechanical cues to initiate downstream metabolic reprogramming.
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Figure 3.7. Wwrtl expression in BMDCs conditioned on varying substrate stiffness.
Expression of Wwrtl, encoding for TAZ is higher on stiffer substrates, as determined by RNA
sequencing and real-time PCR. (A) Volcano plot showing TAZ is upregulated in BMDCs
conditioned on 50 kPa (n=3). (B) Relative mRNA expression of Wwrtl in splenic DCs grown on
hydrogels with stiffness of 2 and 50 kPa versus plastic (n=6-7). (C) TAZ interactome and
transcription family network. Physical protein interactions from IID (black edges) and
transcription regulatory network from Catrin (red edges) were combined in NAViGaTOR.
Shown are direct TAZ interactors, highly connected nodes, and metabolism-related target genes,
as per the legend. Details for transcriptomic analyses can be found at Chakraborty et al'%’. Data
in (B) are presented as mean = SEM. *p < 0.05, **p < 0.01 as determined by Mann-Whitney U

test. Data generated in collaboration with Igor Jurisica (University Health Network).
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Figure 3.8. YAP/TAZ in BMDC:s translocate into the nucleus under mechanical stress. The
localization of YAP/TAZ in purified BMDCs conditioned on 2 kPa, 50 kPa, and plastic were
examined by ImageStream flow cytometry. (A) Representative images of anti-TAZ and anti-

Y AP immunofluorescent staining for each substrate condition. Green and yellow represent TAZ
and Y AP staining, respectively. The nuclei are stained blue with DAPI. (B) Quantified
translocation of YAP (left) and TAZ (right) represented as translocation scores. The
translocation scores were calculated via the IDEAS Workstation software nuclear localization
algorithm, which compares staining signal distribution of DAPI (nuclear) vs those of YAP (n=5-

6 experiments) or TAZ (n=6-7 experiments). Data are presented as mean +/- SEM.
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3.4 Discussion

The effects of substrate stiffness on DC function have previously been examined by
Mennens et al. using human moDCs derived from peripheral blood mononuclear cells. Substrate
stiffness of 2 kPa, 12 kPa, and 50 kPa were used in their study. Among the three examined
substrate stiffnesses, Mennens et al. reported human moDCs cultured on the physiologically
relevant stiffness of 2 kPa acquired an immunologically active phenotype - displaying higher
phagocytotic activity and expression of C-type lectin PRRs, when conditioned on the

physiologically relevant stiffness of 2 kPa'%

. Overall, Mennens et al. saw the substrate stiffness
of 12 kPa exerted weaker effects on DC maturation and function than 2 kPa, and the effects of 50
kPa was often ambiguous. Interestingly in their study, substrate stiffness had no effect on the
expression of CD86 and MHC II on mature moDCs!. In contrast, we saw that 50 kPa
conditioned BMDC:s significantly upregulated the expression of co-stimulatory molecules than

BMDC:s of 2 kPa (Figure 3.1). We also found that substrate tension could modulate DC cytokine

production, an aspect not examined by Mennens et al. (Figure 3.2).

When comparing 2 kPa versus 50 kPa in our study, the surface expression of co-
stimulatory molecules CD80 and CD86 was significantly upregulated, and although
insignificant, MHC II expression had a trending increase. Based on this active phenotype I
hypothesized that BMDCs conditioned on high stiffness could potentially be more proficient
activators of T cells. By using transgenic OT-I T cells, I was able to verify this hypothesis.
Consistent with my hypothesis, OT-I T cells were more proliferative when activated by BMDCs
from plastic than 2 kPa and 50 kPa, suggesting BMDCs conditioned on higher stiffness are better
APCs (Figure 3.3). Interestingly, this observation contrasts with Mennens et al. whom saw no

difference in T cell proliferation when performing a mixed lymphocyte reaction by co-culturing
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moDCs conditioned on 2 kPa, 12 kPa, or 50 kPa together with allogeneic peripheral blood
lymphocytes'?. This is perhaps due to intrinsic differences in the internalization of peptides. We
previously showed that BMDCs grown at higher stiffness showed increased capacity for

phagocytosis'®’.

As DCs traverse microenvironments with different stiffnesses throughout their life cycle,
an immediate question building from the work of my predecessors is whether the modulatory
effect of substrate stiffness is reversible. By transferring BMDCs from supraphysiological
stiffness onto pliant stiffness that is more akin to physiological tissues, I demonstrated that the
influence of substrate tension is reversible by examining the surface expression of multiple co-
stimulatory molecules in addition to MHC II using flow cytometry (Figure 3.1d-g). From my
experiment, it seems BMDCs maintain a degree of plasticity after 7 days of development on a
specific substrate tension. I did not look at conditioning DCs beyond the initial 7 days of
culturing or for more than 2 days after transfer since DCs are remarkably short-lived and this
would likely yield an abundance of dead cells®*. An interesting future experiment would be to
perform a proliferation assay to see if the ability to stimulate T cells is also correspondingly

lower after transfer of BMDCs from a high to low stiffness.

A long-standing question of my work is to uncover and better understand the mechanism
underpinning the connection between mechanical signaling and cellular function. As others have
discovered, the metabolic profile of resting and activated DCs are unique®!#*%, Given that
BMDCs grown on higher stiffness expressed higher levels of activation markers, I hypothesized
substrate stiffness could modulate DC metabolism. Indeed, by using Seahorse assays, [ found
that higher stiffness conferred a more metabolically active state characterized by increased

glycolysis and OXPHOS (Figure 3.5). This coincided with the trending increase of AKT1 and
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S6RP phosphorylation on higher stiffness (Figure 3.6). Importantly, this metabolic
reprogramming was without PRR stimulation. Curiously, this phenotype is reminiscent of active
immunogenic DCs. Normally, PRR-activated DCs undergo rapid upregulation of OXPHOS
during early DC activation to support initial ATP demands. OXPHOS however cannot run
indefinitely and is fated to decline as the mitochondria becomes increasingly damaged by nitric

oxide production in response to activation'

. As such, enhanced glycolysis is observed
concurrently with the upregulation of OXPHOS to maintain cell survival by producing ATP as

OXPHOS wanes in active DCs.

On the other hand, glycolysis is also upregulated independently of mitochondrial damage,
in a process that is critical for maintaining function via conversion of pyruvate into citrate®*.
When DCs are activated by TLR ligation, glycolytic flux is achieved by the downstream
activation of AKT1 which in turn promote the translocation of HK to the outer mitochondrial
membrane. The translocation of HK allows direct access to newly generated ATP, which is
required for the catalysis of glucose into G6P. Citrate is a critical metabolite that is not only used
in the production of ATP, but also used to synthesize fatty acid to expand membrane organelles
required to facilitate the synthesis and transport of effector proteins, including CD40, CD80,
CD86, MHC 11, and IL-6 and TNFa3*. The observed enhanced glycolytic and OXPHOS flux
(Figure 3.5) in BMDC:s of higher stiffness is consistent with our early demonstration of
heightened pro-inflammatory cytokine production (Figure 3.2) and co-stimulatory surface
molecule expression (Figure 3.1) in response to tension. The capacity to activate T cells was
impaired upon glycolysis inhibition with 2-DG but was not completely abrogated on higher
stiffness (Figure 3.3). In healthy individuals, physiological stiffness beyond pliant stiffness is

scarce, most commonly found in fibrotic diseases and cancer>”*. Therefore, it is plausible
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substrate stiffness is acting as an activation stimulus or a bolstering signal to inform DCs of
danger, whereby DC stimulatory abilities are altered in response to metabolic reprogramming.
Credence to this notion is reinforced by my demonstration of the effects of substrate stiffness

being partially reversible, a function that allow for regulation of DC activation (Figure 3.1d-g).

As mentioned before, fatty acid synthesis is fueled by the influx of citrate produced via
pyruvate. Since I did not explore if fatty acid metabolism could be modulated by substrate
tension, it may be prudent to examine citrate flux due to the importance of the metabolite in
maintaining DC function and survival. Methods to examine this could include colorimetric
assays to quantify citrate synthase activity, or alternatively examine the expression of fatty acid

metabolism enzymes, such as ATP citrate synthase and fatty acid transporters by real-time PCR.

In summary, I observed substrate stiffness could modulate DC biology. Specifically,
under 2 versus 50 kPa conditions in the presence of LPS, BMDCs that were conditioned on 50
kPa were more pro-inflammatory and expressed higher activation markers. BMDCs grown on 50
kPa had a significantly higher production of IL-6 and TNFa and expression of CD80/86, and a
trending increase in MHC II expression. The effects of substrate stiffness are a reversible process
that may be linked with metabolic reprogramming. My examination of BMDC metabolism
demonstrated BMDCs grown on higher stiffness were more glycolytic and respiratory,
suggesting BMDCs are more metabolically active when conditioned on stiff substrates. To
further understand the mechano-metabolism relationship, I also investigated the involvement
AKT/mTOR signaling, a conserved pathway regulating metabolism. Here, consistent with
increased metabolism, I saw an increasing trend of AKT and S6RP activation in BMDCs as
substrate stiffness increased. Unexpectedly, substrate stiffness also induced a greater expression

of total S6RP. Given that our TAZ interactome and transcriptome analysis revealed the
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association of TAZ with several metabolic genes, and a key function of YAP/TAZ is the
regulation of cellular metabolism, this observation is potentially related to YAP/TAZ signaling
that requires further investigation (Figure 3.7). By ImageStream flow cytometry, increased
nuclear translocation of YAP/TAZ was observed in BMDCs under mechanical stress. Taken
together, the modulation of BMDC metabolism by substrate stiffness is hinted to be mediated by

YAP/TAZ signaling.
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Chapter 4: TAZ/Y AP signaling in DCs in steady state and during
influenza infection

4.1 Contributions

RNA sequencing and bioinformatic data identifying the upregulation of TAZ expression
in BMDC:s cultured on stiff substrates were performed by our collaborators. The characterization
of basal cDC numbers in our YAP/TAZ KO animals are work of my own. Antigen presentation
assays were performed to better understand the role of YAP/TAZ deficiency on DC
mechanosensing. Another undergraduate student, Camille Huang aided with assay preparation.
To translate our in vitro findings to a physiologically relevant context, an influenza mouse model
was used. The PR8 virus was generously provided by Dr. Kevin Kane, while the intranasal
immunization protocol was demonstrated by Gang Zhou of the Kane lab — whom without their
support, this influenza model would not be possible. The processing of influenza infected mouse

tissues was expedited with the help from the members of the Tsai-Clemente lab.

4.2 Introduction

Notable consequences of immune cell mechanotransduction include regulation of
lymphocyte extravasation, macrophage polarization, and T cell activation®!?!133_ Generally,
mechanical forces are sensed via cell adhesion molecules, such as integrins, selectins, and
cadherins'*?. In addition, immunoreceptors are shown to exhibit mechanosensory properties. The
TCR for instance, is an anisotropic mechanosensor activated by direction-specific physical
forces!®. Two landmark studies by Piccolo et al. and Sasaki et al. discovered a novel mechanism
non-immune cells employ to modulate transcriptional programs in response to external

mechanical cues'**'*. These studies demonstrated YAP and TAZ, two downstream effectors of
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Hippo signaling, relay cytoskeletal tension to the nuclei. YAP/TAZ shares 46% amino acid
identity, and most data suggest YAP/TAZ as functionally interchangeable!®®. It is important to
mention that while YAP/TAZ is best characterized in the context of Hippo signaling, other
signaling pathways can also regulate YAP/TAZ activity. Such pathways include Rho-GTPases

108

and Wnt signaling ™. Regardless of upstream signal transduction pathways, YAP/TAZ activity

are strictly inhibited by phosphorylation.

Expression of YAP/TAZ and components of the core Hippo signaling pathway has been
identified in B and T cells, macrophages, and DC with regulatory roles. In macrophages, YAP
mediated mechanotransduction is critical for directing inflammation in vitro®. Consistent with
this, YAP/TAZ double knockdown mice have improved cardiac healing post myocardial
infarction associated with increased reparative macrophage polarization'?!. For T cells, YAP
activity and localization into the nucleus is upregulated after activation, but the consequences are
inhibitory®!?*. On high stiffness conditions, YAP-mediated inhibition of transcription factors
impairs T cell proliferation. In addition, YAP activity suppresses T cell metabolism and
function®!?%124 The activation and function of T cells are improved by T-cell specific knockout
of YAP®'?°, While much is known about the mechanisms regulating DC response to biochemical
cues, such as nutrients and cytokines, the signaling pathways by which DCs transduce

mechanical cues from the environment is unknown.

To date, one publication has briefly examined the role of YAP/TAZ via CD11c-Cre mice
on DC homeostasis'?. The relevant studies instead focus on MST1/2, the upstream regulators of
YAP/TAZ phosphorylation in Hippo signaling!?*!2*136 Early publications suggest MST1
regulates cell adhesion and motility. One group reports the migration of skin DCs to draining

lymph node (DLN) is impaired in MST1 deficient mice'*®. This effect was associated with
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reduced DC adherence to the ECM !¢, MST1 deficiency in DCs can also impair CCR7 signaling,
contributing to impaired LN trafficking and leading to aberrant cytoskeletal architecture in

137

vitro'>'. More recently, MST1/2 signaling has been identified to couple metabolic state and

function of DCs. MST1/2 is an indispensable regulator of mouse CD8" ¢DCls function by

123

integrating oxidative metabolism <. On the contrary, another group found MST1 deficiency

promoted hyperactivation associated with increased AKT phosphorylation in monocyte derived

BMDCs, suggestive of an active metabolic state!??

. While these studies emphasize a regulatory
role of MST1/2 in DCs, the matter of whether YAP/TAZ signaling is important for DC

homeostasis and function is unclear. Furthermore, the main scope of the studies presented do not

factor in the influence of mechanical stimuli.

In this chapter, I aimed to investigate the role of YAP/TAZ on DC biology via CD11c-
Cre driven YAP/TAZ single or double gene deleted mice (Figure 4.1). In this model, the genes
encoding YAP and TAZ are flanked by loxP sites that are recognized by the protein Cre
recombinase. LoxP flanked genes are excised upon Cre recognition. The expression of Cre
protein is regulated by cell-type specific promoter to ensure cell-type specific excision, in this
case CD11c. To study the role of YAP/TAZ in DCs, I tested whether CD11c-Cre YAP/TAZ
mice had impaired cDC development. I saw no difference in the numbers of ¢cDC in the lungs
and spleen of CD11c-Cre YAP/TAZ mice. To translate our findings to an animal model, we
investigated the anti-viral response of CD11c-Cre" YAP" and CD11¢-Cre” YAPY? TAZ" mice
to intranasal PRS influenza A virus (PR8 IAV) infection on day 9. For these experiments, |
examined T cell production of potent anti-viral cytokines, TNFa and IFNy. In addition, the

populations of cDCs and the generation of viral-specific T cells in secondary lymphoid organs
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were assessed. I saw mostly no difference in the anti-viral response between wildtype versus

CDI11c-Cre" YAP" and CD11¢c-Cre" YAPYI TAZY! mice in this model.
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Figure 4.1. Cre-lox recombination and the generated mice used for experiments. The Cre-
lox system is used to generate DC specific knockout of YAP and TAZ. (A) 1. The expression
of the Cre recombinase protein is under control by the CD11¢ promoter. CD11c encodes an
integrin expressed by DCs. The gene of interest is flanked by loxP sites that are recognized by
Cre recombinase. 2. Recombination occurs when Cre recombinase binds to the loxP sites. 3. The
outcome is a closed loop of excised genetic information containing the gene of interest that is
eventually degraded. (B) Using the Cre-lox system, three strains of YAP/TAZ KO mice are
generated. They are the single knockouts CD11c Cre” TAZ" and CD11c¢ Cre" YAP™", and the

double knockout CD11¢c Cre" YAPVA TAZ" 1 mice. Drawn on BioRender.com
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4.3 Results

4.3.1 DC specific YAP and TAZ deletion does not affect cDC numbers at steady state

We previously saw TAZ was upregulated in BMDCs when under mechanical stress
(Figure 3.6). Increased nuclear translocation of YAP/TAZ was also observed when BMDCs
were conditioned on higher stiffness (Figure 3.7). These observations collectively hint that
YAP/TAZ signaling may have a role in regulating DC biology as mediators of mechanosensing.
However, our current understanding on the role of YAP and TAZ on DCs homeostasis and
function is still largely unknown as this is an understudied field. To investigate the significance
of YAP/TAZ on DC biology, I tested whether the loss of YAP/TAZ in DCs would impair cDC
development as this is a cell type that would be affected in our YAP/TAZ KO mice. I examined
the basal numbers of ¢cDCs in the spleen and lungs of 6- to 8-week-old wildtype (WT) and single
KO CD11c-Cre" TAZ" and CD11c-Cre” YAP" ™ mice, and the double knockout CD11¢c-Cre”
TAZY1 Y AP mice. Pre-cDCs during development egress from the BM to reach peripheral
tissues such as the spleen and lungs to terminally differentiate into cDCs*!. ¢cDCls are
distinguished by the expression of CD11c" MHC II" CD103" in the spleen and CD8" in the lung.

cDC2s are identified as CD11c" MHC 11" CD11b" cells in both the spleen and lungs.

Examination of ¢cDCs from the whole spleen of CD11c-Cre* TAZY, CD11¢-Cre” YAPY!
mice, and the double knockout CD11c-Cre" TAZY YAP? M mice by flow cytometry revealed no
difference in the absolute numbers of cDC1s and cDC2s (Figure 4.2). Although, there is a
trending increase of cDC2 in the spleen of YAP single KO mice (Figure 4.2b). Analysis of basal
cDC numbers in the lung were done by digesting one lobe for flow cytometry. The absolute
numbers of cells were then normalized to the lobe weight. In a similar manner with splenic cDC

numbers, there were no overall difference in the absolute numbers of cDC1s and cDC2s (Figure
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4.2e & f). From this data, YAP and TAZ deficiency do not affect the basal numbers of cDCs in

the spleen and lungs of mature mice.
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Figure 4.2. Single and double deletion of YAP/TAZ in CD11c¢" cells do not affect basal ¢cDC
numbers in the spleen and lungs. Basal numbers of cDCs in spleen and lungs of 6-8 weeks old
Cre"' TAZY1 CD11c Cre" YAP" and CD11c Cre” YAP"? TAZ" " mice were tested by flow
cytometry. All cDCs were gated from live and CD64° CD11¢M MHC 11" — CD64 being a marker
for monocytes and macrophages. (A) Representative flow plots of cDC gating in wildtype and
TAZ KO spleen. (B) Bar graphs depicting the absolute numbers of CD8a expressing cDCls in
the spleen (n=2-6). (C) Bar graphs depicting the absolute numbers of expressing cDC2s in the
spleen (n=4-6). (D) Representative flow plots of ¢cDC gating in wildtype and YAP/TAZ double
KO lung. (E) Bar graphs depicting the absolute numbers of CD103 expressing cDCls in the lung
(n=4-7). (F) Bar graphs depicting the absolute numbers of cDC2s in the lung (n=4-7). cDC
absolute numbers from the lungs are normalized to the weight of digested lobe. The Mann-

Whitney U test was used for statistical analysis. Data are presented as mean +/- SEM.
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4.3.2 DC specific single deletion of YAP show trend of decreased OT-1 T cell activation
Previously, we observed higher T cell proliferation when OT-I T cells were co-cultured
with WT BMDCs conditioned on high stiffness. To investigate the involvement of YAP/TAZ
mediated mechanosensing in DCs, I performed similar in vitro antigen presentation assays using
BMDCs with YAP or YAP/TAZ deletion grown on different stiffness (Figure 4.3). In doing so,
I saw a trend wherein BMDCs with YAP deletion were associated with lower OT-I proliferation
relative to WT BMDCs. BMDCs with YAP/TAZ deletion did not have an impaired capacity to

activate OT-I T cells.

The antigen presentation assay was performed at two OV A peptide concentrations.
Regardless of the peptide concentration, a trend of reduced T cell proliferation was seen when
OT-I T cells were co-cultured with YAP deficient BMDCs compared to WT BMDCs across all
three stiffness conditions (Figure 4.3a & b). However, a greater degree of T cell proliferation is
associated with YAP deficient BMDCs conditioned on plastic relative to 2 and 50 kPa (Figure
4.3b). This suggests YAP may potentially have a role in regulating DC function and capacity to
respond to substrate stiffness. Surprisingly, OT-I T cell proliferation when cultured with
YAP/TAZ deficient BMDCs is comparable to WT samples (Figure 4.3¢). The capacity for
YAP/TAZ BMDC:s to activate OT-I T cells was also similar across different stiffness. In
comparison, OT-I T cell proliferation moderately increases when cultured with WT BMDCs
conditioned on stiff substrates (Figure 4.3b & ¢). The differential impact on T cell activation
due to YAP/TAZ double deletion or YAP single deletion could be suggestive of YAP and TAZ
having non-redundant functions in DCs, such as YAP having an anti-inflammatory role whereas

TAZ is pro-inflammatory.
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Figure 4.3. BMDCs with YAP single deletion show a trend of impaired capacity to activate
OT-I T cells in vitro. Antigen presentation assay was performed by co-culturing CD11¢-Cre”
YAPY or CD11c-Cre" YAPY? TAZYT BMDCs grown on 2 kPa, 50 kPa, and plastic with CFSE
labelled OT-I T cells for 48 hrs. (A) Representative histogram of OT-I T cell proliferation co-
cultured with: (Top) wildtype BMDCs (Middle) CD11c-Cre* YAP?® BMDCs (Bottom) CD11c-

Cre" YAP"T TAZV BMDCs.
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(B) OT-I T cell proliferation when co-cultured with BMDCs that are YAP deficient or YAP/TAZ
deficient with 0.01 pg/mL of OVA peptide. (C) OT-I T cell proliferation when co-cultured with

BMDC:s that are YAP deficient or YAP/TAZ deficient with 0.1 pg/mL of OVA peptide.
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4.3.3. PRS influenza infection of CD11c YAP/TAZ"" mice
Tissue dynamics are altered during disease and inflammation. In the case of pulmonary
diseases such as influenza infection, the ECM of the lungs is modified'*®. Elastin and collagen

are two prominent ECM proteins found in the lung parenchyma!'*®

. During a healthy state, the
lung is under minimal stress and is relatively elastic, a characteristic attributed to elastin'3®,
Collagen on the other hand is the major stress bearing component of the ECM found in the lung

tissue'3®

. At low pulmonary stress, collagen in the lung has a loose and wavy morphology but
tightens when the lung parenchyma is distended'®. This event stiffens the lung tissues. Besides
the lung, the draining LNs enlarge and stiffen during inflammation due to the proliferation of
lymphocytes. The mechanical cues exerted from tissues that have transitioned from physiological

stiffness to a stiffer state therefore have the potential to direct the immune response by acting as

an activating stimulus or a bolstering signal to inform DCs of danger?®.

So far, we have observed BMDCs conditioned on stiff substrates upregulate the
expression of TAZ, and YAP/TAZ have increased nuclear translocation. These events suggest
YAP/TAZ could be mediators of DC mechanosensing. Enrichment analysis of disease protein-
protein interactions linked to tension in BMDC:s strongly predicted respiratory diseases were
associated with tension changes in BMDCs (Figure 4.4). Therefore, we transitioned to an in vivo
model using our CD11¢c-Cre* YAPYT and CD11c-Cre” YAPY? TAZ" @ mice. Using an intranasal
influenza infection model, I sought to determine if the antiviral response of these KO mice is
worsened due to the loss of YAP/TAZ dampening DC function or improved due to attenuated
immune cell mediated tissue damage. In this animal model, mice are administered a sublethal
dosage of Puerto Rico strain HIN1 influenza A virus (PR8 IAV). The infection is followed until

peak infection at day 9. On the 9™ day, the lungs, spleen, and mediastinal lymph node (MLN) —
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the LN draining the lung - are harvested for analysis. The antiviral response was assessed by
quantifying cDC subsets, T cell production of TNFa and IFNy, and the identification of PR8

specific cytotoxic T cells by tetramer staining and flow cytometry.
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Figure 4.4. Respiratory diseases are predicted to be associated with tension-induced
changes in BMDCs. (A) Mouse protein-protein interactions (PPI) were extracted from
integrated interactions database v2020-05, and enrichment was performed on 91 disease PPI
annotations using hypergeometric distribution to find diseases linked to tension in DCs. Detailed

methodology can be found in Chakraborty et al.'%’.
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4.3.3.1. YAP deletion in CDI1c" cells does not impair antiviral response at day 9

In my examination of CD11c Cre” YAPY!

mice response to PR8 infection, I saw both
male and female CD11c Cre” YAP" " mice displayed a trend of greater weight loss than CD11c¢
Cre" YAPY T mice. Weight loss typically began on the 3™ day post-infection, gradually declining
until the endpoint at day 9 (Figure 4.5). To characterize the antiviral response of YAP deficient
DCs, I first examined whether cDC numbers in the lungs, spleen, and MLN of CD11c¢ Cre”
YAPY* were different at day 9 of PRS infection (Figure 4.6). In the lung, there were no
difference in the population of CD103* cDC1s between CD11¢ Cre+ YAPY1* and CD11c¢ Cre’

mice (Figure 4.6a & b). There was also no difference in the population of CD11b" ¢DC2s in the

MLN, lungs, and spleen of both CD11¢ Cre+ YAPY®* and CD11¢ Cre™ (Figure 4.6 ¢, d & e).

During IAV, DCs may become infected with IAV and traffic from the lung to the MLN
to present antigen to CD4" and CD8" T cells'*®. The arrival of IAV specific CD4" and CD8* T
cells to the site of infection are critical for viral clearance. In the context of respiratory viral
infection, DCs will migrate to the MLN after antigen acquisition, where they can present the
antigen to prime naive T cells'*’. In turn, activated T cells will migrate to the site of infection to
mediate viral clearance. To determine whether YAP deficiency in DCs impaired the recruitment
of antiviral T cell response, I quantified the numbers of CD4" and CD8" T cells in the lungs,
spleen, and MLN. In doing so, I saw no difference in the populations of CD4" nor CD8" T cells
within the corresponding tissues between infected CD11c Cre” YAP"?mice and WT suggesting

Y AP deletion in DCs did not affect the recruitment of immune cells. (Figure 4.7).

As part of the antiviral response, cytokines including TNFa and IFNy are released by
CD4"' T cells and cytotoxic CD8" T cells to mediate the inflammatory response'*’. TNFa is a

pleotropic cytokine with inflammatory and anti-inflammatory function'*!. In the context of
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influenza infection, the production of TNFa. is not essential for viral clearance'*!'4>, Rather,
TNFa is indispensable for mitigating lung tissue damage by acting as a negative regulator of
CDS8" T cells'*?. IFNy on the other hand promotes viral clearance through modulating antigen
presentation!*!4* TFNy acting on DCs upregulates the expression of MHC I molecules, thereby
enhancing presentation of viral peptides to cognate cytotoxic T cells'*’. By using fluorophore
conjugated MHC class I tetramers presenting a peptide from the PRS virus (NP3¢6.374/D?), CD8"
T cells that are specific to a given antigen are detected and quantified ex vivo. In this segment, to
investigate if YAP deficiency in CD11¢" cells impair T cell antiviral responses, I examined CD4"
and CD8" T cells production of TNFa and IFNy by intracellular staining, and the presence of
viral specific CD8" T cells by tetramer staining. My hypothesis for these experiments was that if
the deletion of YAP in DCs impaired their capacity to activate T cells then there would be a
reduction of TNFa and IFNy producing CD4" and CD8" T cells and NP3¢6.374/D® positive CD8" T

cells relative to the wildtype cohort.

Tetramer staining data suggest that there was no difference in the numbers of PR8
specific CD8" T cells in the examined tissues of WT and CD11c¢ Cre” YAP" " mice (Figure 4.8).
PMA /ionomycin-stimulated production of TNFo and IFNy by CD4" and CD8" T cells were
examined in infected lung, spleen, and MLN by intracellular staining (Figure 4.9). A slight
trending decrease in the numbers of TNFa and IFNy positive CD4" is observed in most of the
analysed tissues from CD11c Cre" YAP""mice (Figure 4.9b & d). IFNy production by CD4" T
cells in the lung however was not impaired (Figure 4.9d). No difference in cytokine production

by CD8" T cells from tissues of CD11c Cre” YAPY versus WT mice is observed (Figure 4.10).

In summary, the day 9 antiviral response of CD11c Cre” YAP"?mice to PR8 IAV

infection does not appear to be influenced by DC YAP deficiency, although CD11c Cre* YAP™!
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mice did have an overall greater weight loss. No difference in the numbers of cDCs in PRS IAV
infected CD11c Cre” YAPY™ versus WT mice is observed, suggesting DC YAP deficiency did
not influence the recruitment of immune cells to the lung by day 9. The numbers of PRS specific
cytotoxic T cells were similar in CD11c Cre” YAPYMversus WT mice, suggesting that the T cell
response is not impaired by YAP deletion in CD11c¢" cells. Consistent with this, there was no
difference in T cell production of TNFa and IFNy production from the lung, spleen, and MLN

tissues of CD11¢c Cre" YAP™ versus WT mice.
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Figure 4.5. Female and male CD11¢c-Cre” YAP"™ mice have a trend of greater weight loss
than WT mice during 9-day PR8 IAYV infection. Weight was recorded daily at the same time
post-infection for 9 days. Weight change is presented as a percentage of initial weight (A)

Weight loss in female CD11c-Cre” YAPY mice (n=3-4). (B) Weight loss in male CD11c-Cre"

YAPYT mice (n =4-12). Data are presented as mean +/- SEM.
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Figure 4.6. YAP deletion in CD11c¢" cells does not modulate ¢cDCs numbers at day 9 of PR8
infection. cDCs were quantified by flow cytometry from dissociated infected lungs, spleens, and
MLNS . (A) Representative flow cytometry plot of cDCs in lung from CD11c-Cre” YAPY! mice
(left) and CD11c-Cre” YAP"™ mice (right). (B) Absolute numbers of CD103" ¢DCls in the lung
(n=9). (C) Absolute numbers of CD11b" ¢DC2s in the lung (n=9-15). (D) Absolute numbers of
CD11b" ¢DC2s in the spleen (n=9-10) (E) Absolute numbers of CD11b" ¢DC2s in the MLN
(n=8-11). The Mann-Whitney U test was used for statistical analysis. Data are presented as mean

+/- SEM.
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Figure 4.7. Female and male CD11c-Cre* YAP" and WT mice have similar numbers of
CD4" and CD8' T cells at day 9 of PRS infection. Populations were quantified by flow
cytometry from dissociated infected lungs, spleens, and MLNs. (A) Representative flow
cytometry plots of CD4" and CD8" T cells from lungs of CD11c-Cre” YAPY! (left) and CD11c-
Cre” YAP™ (right). (B) Absolute numbers of CD4" T cells in the lung (left), spleen (middle),
and MLN (right) (n=5-7). (C) Absolute numbers of CD8" T cells in the lung (left), spleen
(middle), and MLN (right) (n=6-8). The Mann-Whitney U test was used for statistical analysis.

Data are presented as mean +/- SEM.
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Figure 4.8. YAP single deletion in DCs do not modulate the numbers of PR8-specific CD8"

T cells at day 9 of infection. Cells from dissociated lungs, spleens, and MLNs were stained with

NP366.374/DP tetramers. (A) Representative flow plot of NP3¢.374/D® tetramers staining in lung.

Shown are negative control (left), CD11c-Cre” YAPY? (middle) and CD11c-Cre” YAP? (right)

lung samples. (B) Absolute numbers of NP366.374/D® tetramers positive CD8 T cells. The Mann-

Whitney U test was used for statistical analysis (n=5-8). Data are presented as mean +/- SEM.
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Figure 4.9. TNFa and IFNy production by CD4" T cells of PR8 influenza infected female
and male CD11c-Cre" YAP"™ mice at day 9. Cells from dissociated infected lung, spleen, and
MLN tissues were stimulated with PMA/ionomycin with brefeldin A for 4hrs prior to
intracellular staining of TNFa and IFNy. (A) Representative flow plot of TNFa, staining in CD4"
T cells from unstimulated lungs (left) or stimulated CD11c-Cre” YAP"! (middle) and CD11c-
Cre" YAP™ (right) lung samples. (B) Absolute numbers of TNFa positive CD4" T cells (n=6-
10). (C) Representative flow plot of IFNy staining in CD4" T cells from unstimulated lungs (left)
or stimulated CD11c-Cre” YAP?® (middle) and CD11c-Cre” YAPY (right) lung samples (n=7-
11). (D) Absolute numbers of IFNy positive CD4" T cells. The Mann-Whitney U test was used

for statistical analysis. Data are presented as mean +/- SEM.
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Figure 4.10. TNFa and IFNy production by CD8" T cells the lungs, spleen, and MLN from
both PRS infected female and male CD11c-Cre” YAP"Y mice at day 9. Cells from dissociated
infected lung, spleen, and MLN tissues were stimulated with PMA/ionomycin with brefeldin A
for 4hrs prior to intracellular of TNFa and IFNy. (A) Representative flow plot of TNFa staining
in CD8" T cells from unstimulated lungs (left) or stimulated CD11c-Cre” YAP™ (middle) and
CD11c-Cre” YAP" (right) lung samples. (B) Absolute numbers of TNFa positive CD8" T cells
(n=7-9). (C) Representative flow plot of IFNy staining in CD8" T cells from unstimulated lungs
(left) or stimulated CD11c-Cre” YAP"! (middle) and CD11c-Cre” YAP" (right) lung samples.
(D) Absolute numbers of IFNy positive CD8" T cells (n=7-12). The Mann-Whitney U test was

used for statistical analysis. Data are presented as mean +/- SEM.
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4.3.3.2 YAP & TAZ double deletion in CD11c"cells does not impair antiviral response at day 9

The nuclear localization of YAP/TAZ is an indicator of active YAP/TAZ''. In an earlier
experiment, I saw increased nuclear translocation of both YAP/TAZ in BMDCs when under
mechanical stress, hinting that DCs may have the ability for YAP/TAZ signaling (Figure 3.8).
As TAZ is a paralog of YAP with similar functionality''’, it is possible that TAZ is

compensating for YAP deficiency in our CD11c-Cre” YAPY!

animals during influenza infection.
To better characterize YAP/TAZ signaling in DCs biology, I infected CD11c-Cre” YAP?™
TAZ""mice, which have both YAP and YAZ deleted, with PR8 IAV as described previously.
Using the same experimental approach as before, I investigated whether the double deletion of

YAP/TAZ in CD11c¢" cells altered ¢cDC numbers and T cell response in the lungs, spleen, and

MLN during PR8 IAV infection.

CD11c-Cre” YAPVITAZY mice did not lose more weight than WT mice during
influenza disease progression (Figure 4.11). The weight loss of PR8 IAV infected CD11¢-Cre”
YAPYAITAZY is comparable to WT mice. For both CD11¢c-Cre" YAPY TAZ" " and WT mice,
weight loss began on the 3 day of infection, gradually declining over the course of 9 days. As
cDCs are a cell-type directly impacted in our CD11c-Cre” YAPYI TAZV M mice, 1 first
investigated if CD11c-specific YAP/TAZ deficiency during influenza infection modulated the
number of cDCs in the lung, spleen, and MLN. Analysis of cDC1s and cDC2s populations
revealed no difference in numbers between CD11¢c-Cre” YAPVT TAZV versus WT mice (Figure
4.12). The recruitment of T cells during influenza was also not impaired by YAP/TAZ double
deletion in DCs, as the population of CD4"and CD8" T cells in the lung, spleen, and MLN of

CD11c-Cre" YAPYI TAZ" T mice is similar to the WT cohort (Figure 4.13).
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To test whether YAP/TAZ double deletion in CD11c¢" cells altered T cell activation, I
examined the production of TNFa and IFNy in PMA/ionomycin stimulated T cells retrieved
from PR8 IAV infected lung, spleen, and MLN tissues (Figure 4.14 & 4.15). data revealed no
difference in TNFa and IFNy positive T cells regardless of mice genotype. Furthermore, the
numbers of PR8 TAV specific CD8" T cells (measured by staining with NP3e6.374/DP tetramers),
were similar in infected tissues from Cre" YAPYT TAZ"®and WT mice (Figure 4.16).
Collectively, these data show that YAP/TAZ double deletion in CD11c" cells do not impair day 9

T cell-mediated antiviral response.
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Figure 4.11. CD11c-Cre" YAPY® TAZV™ mice do not lose more weight than WT mice
during 9-day PR8 IAYV infection. Mice were weighed at the same time daily. (A) Daily weight

loss in female CD11c-Cre” YAPYT TAZ"® mice (n=8-10). Data are presented as mean +/- SEM.
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Figure 4.12. CD11c-Cre* YAP"" TAZ" mice do not have fewer cDC numbers at day 9 of
PRS8 IAYV infection. cDCs were quantified in the lung, spleen, and MLN by flow cytometry after
tissue digestion and processing. (A) Representative flow cytometry plot of ¢cDCs in lung from
WT (left) and CD11c Cre” YAPYT TAZY™ mice (right). (B) Absolute numbers of CD103* cDCls
in lungs (n=4-5). (C) Absolute numbers of CD8a" ¢DCls in spleens (n=4-6). (D) Absolute
numbers of CD8a" ¢cDC1s in MLNs (n=4-5). (E) Absolute numbers of CD11b" ¢DC2s in lungs
(n=4-6). (F) Absolute numbers of CD11b" ¢DC2s in spleens (n=4-6). (G) Absolute numbers of
CDI11b" ¢DC2s in MLNs (n=4-5). The Mann-Whitney U test was used for statistical analysis.

Data are presented as mean +/- SEM.
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Figure 4.13. CD11c-Cre* YAP"" TAZ"™ mice have similar numbers of CD4" and CD8* T
cells at day 9 of PR8 IAV infection compared to CD11¢c-Cre” YAPY! TAZ" mice.
Populations in the lung, spleen, and MLN were quantified by flow cytometry after tissue
digestion and processing. (A) Representative flow cytometry plots of CD4+ and CD8+ T cells
from lungs of WT (left) and CD11c-Cre+ YAP{l/fl TAZfI/A] (right) mice. (B) Absolute numbers
of CD4+ T cells in the lung (left), spleen (middle), and MLN (right) (n=9). (C) Absolute
numbers of CD8+ T cells in the lung (left), spleen (middle), and MLN (right) (n=8-9). The

Mann-Whitney U test was used for statistical analysis. Data are presented as mean +/- SEM.
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Figure 4.14. YAP/TAZ double deletion in DCs do not affect the numbers of PR8-specific
CDS8'T cells at day 9 of infection. Cells from dissociated lung, spleen, and MLN tissues were
stained with NP3¢6.374/DP tetramers. (A) Representative flow plot of NP3e6.374/DP tetramers
staining in lung. Shown are negative control (left), WT (middle) and CD11c-Cre” YAPVTTAZYT
(right) lung samples. (B) Absolute numbers of NP3g6.374/DP tetramers positive CD8"* T cells (n=7-
10). The Mann-Whitney U test was used for statistical analysis. Data are presented as mean +/-

SEM.
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Figure 4.15. YAP/TAZ double deletion in DCs does not impair CD4" T cell production of
TNFa and IFNy at day 9 of PR8 IAYV infection. Dissociated lung, spleen, and MLN tissues
were stimulated with PMA/ionomycin with Brefeldin A for 4 hours prior to intracellular
cytokine staining. (A) Representative flow plot of TNFa staining in CD4" T cells from
unstimulated lungs (left) or stimulated WT (middle) and CD11c-Cre” YAPYTTAZYM (right) lung
samples. (B) Absolute numbers of TNFa positive CD4" T cells (lungs n=4-5; spleens & MLNs
n=8-9). (C) Representative flow plot of IFNy staining in CD4" T cells from unstimulated lungs
(left) or stimulated WT (middle) and CD11c-Cre” YAPV? TAZY (right) lung samples. (D)
Absolute numbers of IFNy positive CD4" T cells (lungs n=4-5; spleens & MLNs n=8-9). The

Mann-Whitney U test was used for statistical analysis. Data are presented as mean +/- SEM.
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Figure 4.16. YAP/TAZ double deletion in DCs does not impair CD8" T cell production of
TNFa and IFNy at day 9 of PR8 IAYV infection. Dissociated lung, spleen, and MLN tissues
were stimulated with PMA/ionomycin with Brefeldin A for 4 hours prior to intracellular
cytokine staining. (A) Representative flow plot of TNFa staining in CD8" T cells from
unstimulated lungs (left) or stimulated WT (middle) and CD11c-Cre” YAPYTTAZYT (right) lung
samples. (B) Absolute numbers of TNFa. positive CD8" T cells (lungs n=4-5; spleens & MLNs
n=8-9). (C) Representative flow plot of IFNy staining in CD8" T cells from unstimulated lungs
(left) or stimulated WT (middle) and CD11c-Cre" YAPV? TAZY (right) lung samples. (D)
Absolute numbers of IFNy positive CD8" T cells (lungs n=4-5; spleens & MLNs n=8-9). The

Mann-Whitney U test was used for statistical analysis. Data are presented as mean +/- SEM.
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4.4 Discussion

In this chapter I investigated the role of YAP/TAZ in DCs using mice with CD11c
specific deletion of YAP/TAZ. In our mouse model, a cell type directly affected by CD11c-
specific YAP/TAZ deletion are cDCs. Pre-cDCs leave the BM during development, entering
circulation to reach peripheral tissues such as the spleen and lungs to terminally differentiate into
cDCs*!. At a steady state, I found the tissue resident cDC1 and cDC2 population in the lung and
spleen of CD11¢c-Cre” YAP, CD11¢-Cre” TAZ", and CD11c-Cre” YAPY? TAZ"  mice did
not differ from the WT cohort (section 4.3.1). This observation was unexpected as a major
function of YAP/TAZ signaling in non-immune cell types is the regulation of genes involved in
the cell cycle, such as cyclins and mitotic kinases'*. As I did not directly examine the effects of
CD11c-YAP/TAZ deletion on DC development in my study, I cannot conclude whether
YAP/TAZ signaling is necessary for development. However, I would like to speculate a reason
that the deletion of YAP/TAZ in DCs did not affect basal cDC numbers. It is possible that DC
development is independent of YAP/TAZ signaling. In the case of CD8" T cells, it has been
reported that YAP deletion improved anti-tumor response without impairing CD8" T cell

120 Unfortunately, our current understanding of the transcriptional binding partners

proliferation
of YAP/TAZ in immune cells is highly limited given the novelty. For instance, no studies have
examined whether expression of key DC differentiation transcription factors such as IRF8 and

BATEF3 are regulated by TEAD, the nuclear protein YAP/TAZ interacts with to induce

transcription of target genes''.

Our transition to an influenza model is prompted by our discovery that tensional changes
to BMDCs were predicted to be strongly associated with respiratory diseases (Figure 4.4). In

this chapter, I demonstrated that single deletion of YAP and double deletion of YAP/TAZ in
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CDl11c¢" cells did not impair day 9 T cell-mediated antiviral response to PR8 IAV infection.
cDCs are integral during respiratory viral infection since IAV does not freely flow from the lung
to the MLN and is dependent on the activity of cDCs to reach the MLN'*°. Therefore, the capture
of viral antigens by ¢DCls in the lung for presentation in the MLN to CD8" T cells during early
infection is important in determining disease outcome'®’. At day 9 of PR IAV infection, I saw
there were no difference in cDC numbers in the lungs, spleen, and MLN of CD11c-Cre” YAP?™
and CD11c-Cre” YAPYT TAZ" versus WT mice (Figure 4.5 and Figure 4.11). Furthermore,
single deletion of YAP and double deletion of YAP/TAZ in CD11c" cells did not impair the
activation of T cells and expansion of PR8 TAV specific CD8" T cells as seen by intracellular
TNFa and IFNy staining and tetramer staining (Figure 4.8, Figure 4.9, Figure 4.10, Figure
4.14, Figure 4.15, and Figure 4.16). Although the treatment of T cells with PMA stimulates pre-
activated T cells to secrete cytokines in a short time frame, PMA stimulation may potentially
bypass the impact of mechanosignaling thereby masking subtle differences due to YAP/TAZ
deficiency in DCs. Since CD11c-Cre” YAPYT and CD11c-Cre* YAPY! TAZ" " mice begin losing
weight on the 3™ day post infection, and cDC migration is most critical during early infection, it
is possible that the effects of YAP/TAZ deletion on ¢cDCs is masked by day 9. Therefore,
quantification at an earlier infection endpoint may reveal subtle differences. For instance, the
trafficking of antigen bearing YAP/TAZ deficient cDCs to the MLN could potentially be
impaired during early infection at day 1-3 but is allowed to catch up by day 9. During this early
phase, other cell types such as natural killer cells may be compensating for this impairment by
containing viral replication such that disease severity is kept in check!*’. Thus, the antiviral

response of CD11c-Cre" YAP™? and CD11c-Cre” YAPY? TAZY " mice should be examined at an

earlier time point, such as day 1-3.
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A caveat in our mouse model is that I have not verified the efficiency of YAP/TAZ
deletion from CD11c" cells. As the animals in our study are hemizygous for Cre recombinase, it
is plausible that YAP/TAZ is not efficiently knocked out in our mice. Inefficient deletion of
YAP/TAZ could therefore lead to no difference in the parameters I examined, relative to WT
mice. However, the homozygous expression of Cre recombinase is not without issues, as the
high expression of Cre recombinase has been reported to be toxic in mice!*’. Although lung
tissue dynamics are reported to change during pulmonary infections'®8, the degree lung tissues
stiffen in our YAP/TAZ deletion animals is also unknown. Therefore, I speculate another reason
that CD11c-Cre" YAP"™ and CD11c-Cre* YAPY TAZ"" mice versus WT mice did not exhibit
differences in day 9 antiviral response, is that perhaps the alterations to lung stiffness during IAV
infection is insufficient to generate strong mechanical cues that could stimulate DCs.
Additionally, within the microenvironment of infected mice are a milieu of stimuli that could
potentially bypass the involvement of YAP/TAZ signaling. For instance, strong biochemical
signaling through PRRs such as TLR3, TLR7, and TLR9 that recognize foreign genetic material

may be compensating for subtle changes associated with YAP/TAZ deletion in DCs'“®.

For future influenza experiments, pulmonary stiffness during IAV infection needs to be
assessed. This can be done with a FlexiVent instrument, a machine that measures respiratory
mechanics such as airway resistance and elasticity. Targeting an earlier disease endpoint may
reveal consequences of YAP/TAZ deletion in CD11c¢" cells that are otherwise not seen on day 9.
I believe 1-3 days post IAV infection would be a promising endpoint. In AV infected mice, the
migration of pulmonary DCs to the MLN peak around 18 hours post-infection, and a
substantially higher number of ¢DCs is seen in the MLN on day 2'*%!%°. Moreover, a recent study

revealed increased DC motility after AV infection coincided with metabolic reprogramming
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favoring glycolysis and OXPHOS as early as 17 hours in vivo'*. Since YAP/TAZ are involved
in metabolism regulation, perhaps the impact of YAP/TAZ deletion in DC is better discerned in

vivo on day 1-3 of IAV infection'®!

. Alternatively, we can perform transwell migration assays
with BMDCs from our CD11¢c-YAP/TAZ KO mice to examine migration patterns associated

with YAP/TAZ deletion in DCs.

Overall, this chapter demonstrates that the deletion of YAP/TAZ in DCs did not affect
the day 9 antiviral response of CD11c-Cre” YAP"™ and CD11c-Cre” YAPY TAZ" M mice. This
was demonstrated by following disease severity and by flow cytometric analysis of infected
lungs, spleen, and MLN. In my examination, I saw no difference in cDC and T cell numbers
when comparing YAP/TAZ KO mice with WT mice. Similarly, YAP/TAZ deletion in CD11c¢”
cells did not impair the generation of PR8 IAV specific CD8" T cells and T cell production of
TNFa and IFNy. An earlier endpoint may be a more suitable endpoint to discern the impact of

YAP/TAZ deletion on DCs.
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Chapter 5: General Discussion

5.1. Conclusion

5.1.1 Substrate stiffness modulates DC inflammatory function and metabolism.

DC:s live an inherently physical life. During circulation, DCs encounter a diverse
landscape of biochemical and physical cues within the traversed microenvironment. Much like
biochemical signals, physical forces are present in different types and forms. External physical
forces that are naturally encountered by cells include sheer, compression, swelling, and tensional
forces>!32. These external physical cues are commonly integrated with the intracellular
cytoskeletal network via adhesion molecules and ion channels found on the plasma membrane'.
For non-immune cell types, mechanotransduction regulates function and development in a
manner associated with metabolic and transcriptional programming!!'%!>*!155 Unfortunately, the
significance of mechanical forces on immune cells is a largely understudied field, but recent
studies have shown macrophages and T cells are sensitive to substrate stiffness®®. Taken into
consideration the discoveries of mechanosensing in other cell types and the constant exposure of
DC:s to physical cues within their microenvironment, this prompted our investigation on whether
physical forces may contribute to the regulation of DC biology and function. By culturing
BMDCs on PDMS coated culturing plates that are engineered to have a stiffness of 2 and 50 kPa,

I endeavored to show substrate stiffness as a modulator of DC biology.

I provided additional data supporting mechanical stiffness as a novel regulator of DC
biology. We first established that BMDCs conditioned on 50 kPa expressed higher levels of
activation markers and were more pro-inflammatory than BMDCs conditioned on 2 kPa (Figure
3.1 & 3.2). In vitro, BMDCs from 50 kPa had a higher expression of co-stimulatory receptors
CD80 and CD86, and MHC II molecule after LPS stimulation. BMDCs of 50 kPa also secreted a
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higher concentration of pro-inflammatory cytokines, including TNFa and IL-6, as determined by
multiplex and ELISA assays (Figure 3.2). Strikingly, the enhanced production of TNFa and IL-6
was observed in the absence of LPS stimulation, suggesting that substrate stiffness alone may be
able to stimulate DCs. Since tissue stiffness is not uniform and is generally within the range of 2-
15 kPa depending on the tissue and organ, it is intuitive to think that the effects of substrate
stiffness on DCs is reversible*?*. To test this, I stimulated with LPS, plastic grown BMDCs that
had been transferred to 2 kPa for an additional two days after the initial 7 days growth period. In
this experiment, plastic conditioned BMDCs that were transferred to 2 kPa had a lower
expression of MHC II and co-stimulatory receptors than BMDCs that were kept on plastic
(Figure 3.1D-G). My preliminary experiment suggests that substrate stiffness induced DC
maturation is perhaps reversible, but whether pro-inflammatory cytokine production also
decreased in BMDCs that were transferred from plastic to 2 kPa is unknown since I did not
examine this. Future work on the reversibility of substrate stiffness on DCs biology should thus
examine the cytokine production of transferred BMDCs via intracellular staining and by analytic
biochemical assays. Based on our observations and the relatively short half-life of cytokines!'*S, I
speculate that if the effects of substrate stiffness on DCs is reversible, then the sustained
production of cytokines should decline in BMDCs that were transferred from plastic to 2 kPa
after LPS stimulation, relative to BMDCs conditioned on plastic only. Determining the

reversibility on the effects of substrate stiffness on DCs has important implications for the

treatment or prevention of pathologies associated with tissue stiffness.

Interestingly our observations on substrate stiffness induced DC maturation is contrary to
the results of Mennens et al'®. In their study using human derived moDCs, Mennens et al. report

human moDCs conditioned on 2 kPa or 50 kPa did not influence DC maturation'%. Specifically,
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Mennens et al. saw no difference in the expression of CD86 and MHC II in response to substrate
stiffness!%. The differences between studies might be attributed interspecies differences since
our DCs were of murine origin whereas Mennens et al. were from humans. However, the
physical properties of the polymers used to make the substrates may also be a confounding
factor. In our study we used the hydrophobic polymer PDMS, whereas Mennens et al. used
substrates made from polyacrylamide which is a more hydrophilic polymer!*°. Polymer
hydrophobicity can influence the adsorption of fibronectin to the polymer surface, as fibronectin
poorly binds hydrophilic surfaces at low concentration'®’. Poor surface coating of with
fibronectin would inaccurately portray the effects of substrate stiffness on DC maturation by
hindering DC adhesion to the substrate. Since PDMS becomes hydrophilic when treated by
plasma oxidation, it would be interesting to see if we could recapitulate our findings using
hydrophilic PDMS gels'*®. The usage of synthetic polymer in our study however is a caveat as
these compounds are not representative of an in vivo setting since they are not naturally
encountered by DCs. Therefore, it may be prudent to transition our study to use biomaterials

such as collagen and hyaluronic acid that better mimic an in vivo environment.

We saw the upregulated expression of Wwrtl in BMDCs conditioned on stiffer substrates
(Figure 3.7), suggesting YAP/TAZ as a potential mediator of DC mechanosensing. In non-
immune cell types, the transcription co-factors YAP/TAZ are integrators of mechanical
stimulation, and their activation promotes cellular growth and metabolic reprogramming through
modulating transcriptional programs!®-11%13% Using imaging flow cytometry, I observed
elevated nuclear translocation of YAP/TAZ from BMDCs conditioned on stiffer substrates -
again hinting at the involvement of YAP/TAZ in DC mechanosensing. Generally, DCs will

upregulate glycolysis, OXPHOS, and lipid metabolism after activation to support their growth

131



and function®. By using Seahorse assays I found substrate stiffness also controlled DC
metabolism. BMDCs cultivated on 50 kPa or plastic substrate had increased glycolysis and
OXPHOS (Figure 3.5). This observed elevation of glycolysis and OXPHOS in DCs conditioned
on stiffer substrates is consistent with DCs having a more activated phenotype and secretion of
pro-inflammatory cytokines in response to stiff substrates, as these cellular processes would
require more metabolites and energy to sustain®®. For activated DCs to prime T cells, in addition
to upregulating the expression of co-stimulatory molecules, DCs also undergo actin cytoskeletal
remodeling to support their migration, transport of internal cargo, and formation of
immunological synapse with T cells'>*!%’. These physiological processes all require ATP,
however, actin polymerization is a particularly more energy demanding process due to the
constant hydrolysis of ATP required to sustain actin elongation and stability'®!"!%2, Thus, I
speculate that enhanced metabolism in response to stiff substrates is a potential novel mechanism
to fine tune DC effector function. This accords with the observation of BMDCs conditioned on
high stiffness being better activators of T cells and having upregulated expression of co-
stimulatory receptors and metabolism. Furthermore, we previously saw BMDCs conditioned on
50 kPa were more immunogenic relative to 2 kPa when adoptively transferred in two autologous

vaccination models'?’.

Lipid metabolism in DCs is an important metabolic pathway that I did not investigate to
see if substrate stiffness could also modulate. This pathway is indispensable for DCs as it
supports cellular growth, and the synthesis and secretion of effector proteins such as CD40,
CD80, CD86, MHC 11, and IL-6 and TNFa®. Since YAP/TAZ activity is also associated with
energy levels and is inhibited by low energy levels in non-immune cell types'®!, it is tempting to

speculate that the upregulation of glycolysis and OXPHOS in DCs conditioned on stiffer
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substrates is associated with the earlier observation of increased YAP/TAZ nuclear translocation
in BMDCs of higher stiffness (Figure 3.8). This notion, however, requires further testing since

how substrate stiffness can modulate DC maturation and function is not well understood.

5.1.2 CDI Ic specific YAP/TAZ deletion does not impair day 9 DC anti-viral response.

Enrichment for diseases associated with tension-induced changes in BMDCs predicted
respiratory diseases to be strongly associated (Figure 4.4). As such, I characterized the role of
YAP/TAZ deletion in DCs using an influenza infection model. I investigated the day 9 antiviral
response of mice with CD11c-specific YAP single deletion or YAP/TAZ double deletion to PR8
IAV infection. Interestingly, disease progression was more severe in CD11c-Cre” YAP? T mice
but not in CD11c-Cre” YAP"? TAZ" " mice, relative to WT mice (Figure 4.5 & 4.11). However
overall, there were no difference in the day 9 antiviral response of CD11c-Cre” YAPY® and
CD11c-Cre” YAPYT TAZ" T mice versus WT mice despite earlier experiments hinting at the
involvement of YAP/TAZ in DC mechanosensing (see section 4.3.3.1 & 4.3.3.2). Specifically,
there were no difference in cDC and T cell numbers in dissociated lung, spleen, and MLN tissues
from PR8 infected WT versus CD11c-Cre” YAP?® and CD11c-Cre” YAPY? TAZ" ! mice at day
9. Furthermore, there was no difference in the generation of the immunodominant PR8 IAV

specific CD8" T cells and TNFa and IFNy production by T cells, suggesting YAP/TAZ deletion

in CD11c¢" cells did not impair day 9 T cell-mediated antiviral response.

Currently, no definitive conclusion can be drawn on the significance of YAP/TAZ in
DCs. It is possible that the early antiviral response is impaired in CD11c-Cre” YAP"" and
CD11c-Cre” YAPY? TAZ" M mice but the effects are missed by day 9. Other cell types such as
natural killer cells that are essential for the early antiviral response may be compensating for the

impaired function of YAP/TAZ deficient DCs during the early phase of infection. Since our mice
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started losing weight on day 3 post-IAV infection, pivoting our investigation to an endpoint of
day 3-5 may better reveal subtle changes associated with YAP/TAZ deletion in DCs. The
migration of pulmonary DCs to MLN is reported to peak by 18 hours post IAV infection, which
coincides with the period DCs undergo metabolic reprogramming favoring glycolysis and
OXPHOS!48:19150 By day 2, a substantial increase in cDC numbers is present in the MLN!48:149.
As such, an earlier endpoint may be more informative in our infection model to discern the

impact of YAP/TAZ deletion in CD11c" cells.

Since the degree lung tissues stiffen during IAV infection was not tested, it is possible
that alterations to lung stiffness during AV is insufficient to generate strong mechanical cues
that could stimulate DCs. Additionally, DCs encounter a milieu of stimuli in a physiological
setting that may bypass YAP/TAZ signaling. Therefore, unknown stimuli within the
microenvironment may be compensating for YAP/TAZ deficiency in DCs or take precedent over
tensional forces acting on DCs. For instance, other mechanical signals such as cyclical
hydrostatic pressure, a type of pressure arising from fluids, can potentially dominate over
YAP/TAZ signaling through Piezo1l, a mechanically sensitive ion channel with preference for

calcium!%?

. Calcium homeostasis may exert confounding effects in a physiological setting that
are otherwise not seen in vitro where the environmental conditions are more controlled. Calcium
plays a crucial role in translating external mechanical forces into biochemical signals to regulate
biological processes'®*. This response mainly involves increasing intracellular calcium levels
when mechanosensitive calcium ion channels on the cell surface are opened in response to

mechanical forces'®. The influx of intracellular calcium activate calcium dependent pathways

such as NFAT and mitogen-activated protein kinase, both having a role in regulating DC
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biology'®®1%®. Thus, calcium dependent pathways could be contributing to the lack of difference

observed in our animal model.

It is unclear if mechanical forces acting on the periphery of DCs is transmitted to
YAP/TAZ or directly act on the nucleus. For non-immune cell types, YAP/TAZ is one pathway
external physical forces are sensed. In the latter case, this mechanism could be YAP/TAZ
independent. Recently cells were demonstrated to respond to external mechanical forces via
nuclear mechanotransduction in a phospholipid dependent manner!'®-17°, In this process, external
forces acting on the cell promotes the stretching of the nuclear membrane and an influx of
calcium into the nucleus. In turn, this induces the activation of cytosolic phospholipase A> within
the nucleus, an enzyme involved in the cleavage of phospholipids into metabolites'®~!"!. These
metabolites have autocrine or paracrine effects that contribute to cell locomotion, survival, and
differentiation, and is hinted to involve RhoA signaling but requires further investigation'”’.
RhoA is known to mediate cytoskeletal reorganization which can induce the activation of
LATS1/2, the regulators of YAP/TAZ activation'!®®. However, RhoA can also induce activation
of other mechanosignaling pathways such as the Rho kinase pathway, which has been implicated
in the regulation of metabolism and cellular proliferation'’>!73, It is also possible that the impact
of YAP/TAZ deficiency in DCs is shadowed by direct IAV infection of DCs and the activation
of PRRs that are involved in recognition of viruses, including TLR3, TLR7, and TLR9. The
activation of Myc, a regulator of numerous metabolic enzymes, can occur independently of
YAP/TAZ signaling by TLR stimulation®*'*!, Studies comparing the metabolic profile of IAV
infected BMDC:s versus TLR3 or TLR7 agonist activated BMDCs report distinct metabolic
profiles!’. Both glycolysis and OXPHOS is upregulated after IAV infection or TLR activation,

although IAV infected BMDCs were significantly more glycolytic which corresponded with an
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overall higher ATP production'’. In conclusion, there are various signaling pathways in DCs

with the potential to compensate for YAP/TAZ deletion in DCs.

5.2. Future work

Early studies of YAP/TAZ in non-immune cell types often reported YAP/TAZ with
redundant functions, but recently this thought has been challenged by the mapped crystal
structure of YAP/TAZ and the identification of different YAP/TAZ isoforms'!> 118175,
Collectively, these contemporary studies report YAP/TAZ have overlapping and different
functions. As I saw YAP deletion in DCs exhibited trends of dampened immune response — OT-I
T cell proliferation was lower when cultured with YAP deficient BMDCs and CD11¢c-Cre”
YAP"™ mice lost more weight compared to WT cohorts — this is perhaps indicative of YAP &
TAZ having different functions in DCs. Therefore, the expression of YAP/TAZ isoforms in DCs
at the mRNA and protein level should be characterized in the future to delineate the importance

of YAP/TAZ signaling in DCs.

Much of our experiments on the effects of substrate stiffness on DC biology was
performed in vitro due to the difficulty of isolating large quantities of DCs from tissues'?’. These
experiments are ultimately not representative of a physiological setting, which is further deviated
by the usage of synthetic polymers as substrates. While technically challenging, it may be
worthwhile to perform ex vivo experiments using a fibrotic model to further investigate the
significance of substrate stiffness on DC biology. In the envisioned experiments, DCs would be
conditioned to a known tissue stiffness under physiological conditions. DC maturation and
cytokine production would then be quantified by comparing DCs isolated from fibrotic versus
healthy tissues. As mechanical changes in tissues and cells are disease specific, adopting a

fibrosis animal model would also provide juxtaposition to our preliminary influenza model'%’.
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Mice in our model are infected with a sublethal dosage of AV and it is possible that the dosage
is insufficient to induce significant mechanical changes to the lung, or perhaps stiffness is not a
major stimulus for DCs during AV infection. Fibrotic tissues undergo extensive ECM
remodeling and may be a better model to tease the significance of YAP/TAZ mechanosensing in
DCs'?. Alternatively, transitioning from substrates made of synthetic polymers to substrates
made from biocompatible materials that better mimic tissues can help test whether the effects of

substrate stiffness on DC biology we observed hold true.

As I did not examine the metabolism of YAP/TAZ deficient DCs, it is still unclear if
YAP/TAZ signaling are involved or necessary for the regulation of DC metabolism. To test this
the Seahorse assays I employed should be performed with YAP/TAZ deficient DCs conditioned
on 2 kPa, 50 kPa, and plastic substrates. Given that WT BMDCs upregulated glycolysis and
OXPHOS on higher stiffness, if YAP/TAZ deficient DCs have impaired mechanosensing then
YAP/TAZ deficient DCs may have less pronounced metabolic reprogramming in response to
stiffness. Lipid metabolism should also be investigated as it is a key pathway supporting DC
function and development — this can be done by quantifying citrate flux?%+°!. Methods to
examine this include colorimetric assays to quantify citrate synthase activity, or alternatively
quantify the expression of fatty acid metabolism enzymes, such as ATP citrate synthase and fatty
acid transporters by real-time PCR. The impact of substrate stiffness on DC fatty acid
metabolism can also be examined using a palmitate oxidation stress test kit available from
Seahorse. This assay inhibits the oxidation of palmitate; as metabolites from palmitate oxidation
can be used to fuel OXPHOS, significance of fatty acid oxidation can be quantified via changes
to oxygen consumption after pharmacologic inhibition of palmitate oxidation. Lastly, to test for

the involvement of calcium dependent pathways potentially compensating for YAP/TAZ
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deficiency in DCs, intracellular calcium level should be examined. For instance, imaging
intracellular calcium in WT or YAP/TAZ deficient DCs when conditioned on 2 kPa, 50 kPa, and

plastic substrates.

Through my study, I expanded on the impact of substrate stiffness on DC biology.
Specifically, I found metabolism is a physiological process linking DC function with
mechanosensing. I discovered BMDCs conditioned on stiffer substrate were more proficient at
presenting antigen and activating T cells in a tension dependent manner. Building from this, I
found tension could induce metabolic changes in BMDCs. Using Seahorse assays, I observed
increased glycolysis and OXPHOS in BMDCs that were grown on 50 kPa and plastic relative to
2 kPa. The metabolic profile of BMDCs from higher stiffness were reminiscent to
immunologically activated DCs®?. Consistent with elevated metabolism in response to tension, I
found a trending increase in the phosphorylation of AKT and S6RP, two key nutrient sensors
involved in the coordination of anabolic and catabolic processes'>*!3!. Our collaborators
previously identified YAP/TAZ as a potential mediator of DC mechanosensing and predicted
that tension induced effects on DCs is strongly associated with respiratory diseases. By image
flow cytometry, I saw a trending increase in the nuclear translocation of YAP/TAZ in BMDCs
conditioned on stiff substrates, hinting at the possible involvement of YAP/TAZ in DC
mechanosensing. When I transitioned to studying the role of YAP/TAZ in DCs using a 9-day
influenza model, I found that mice with DC specific YAP deletion was associated with greater
weight loss that is not seen in the double KO animals. However, mice with DC specific YAP
single deletion or double deletion of YAP/TAZ did not impair day 9 antiviral response. Given

that DCs are activated early during influenza infection, it may be more informative to examine
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the antiviral response at an earlier timepoint. Lastly, as I never examined the effects of

YAP/TAZ deletion on the metabolism of DCs, this should be tested in the future.

There are immense therapeutic applications as our understanding of DC mechanosensing
improves. As initiators of the adaptive immune response, DCs have an important role in
determining the course of an immune response. DC secreted cytokines can promote their
activation alongside PRR ligation and skew T cell responses. The manipulation of DCs from a
mechanical angle therefore constitutes one avenue for attenuating or enhancing immune
responses. For instance, implants could be improved by engineering implants with tunable or
specific stiffness that favor tolerance vs immunogenicity. Since we saw that DCs are more pro-
inflammatory when conditioned on 50 kPa and plastic substrates, identification of the
mechanism behind this phenomenon could enable the manipulation of DCs such that they
undergo signaling as if they are constitutively exposed to high stiffness. In turn, this can be

exploited for DC-based vaccines directed at priming T cell responses.
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