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Abstract

The innate immune system forms the foundation of immunity through pathogen recognition and
maintenance of tissue homeostasis. In particular, myeloid phagocytes are specialized in
recognizing host- and microbe-derived molecules to direct cytokine production, phagocytosis, and
antigen presentation. The receptors for immunomodulatory molecules require signals from
secondary messengers, such as Ca?* ions, to modulate signal transduction and drive pro- and
anti-inflammatory cellular programs. Electrical signals have long been associated with core
functions of innate immunity, and recent discoveries have begun to define the ion channels
associated with inflammatory signal transduction and phagocytosis. In this dissertation, | describe
the role of ion channels in innate immunity. TRP-family ion channels are essential cellular sensors
that transduce sensory inputs into electrical signals, predominantly though Ca?* signals, to control
cellular function. In particular, my research focuses on characterization of TRPM7 in
macrophages. We discovered that TRPM7 is required for activation of macrophages by LPS and

regulates macrophage phagocytosis of apoptotic cells.
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CHAPTER 1: ION CHANNELS IN INNATE IMMUNE CELLS

The innate immune system is our first defense against pathogens and vital to tissue homeostasis.
The ‘sensory’ ability of the innate immune system to detect microbe and danger-associated
signals initiates carefully modulated cellular programs for pro- and anti-inflammatory responses.
Ongoing research and drug development strive to exploit the cellular mechanisms that underlie
critical immunological processes, such as cytokine production, phagocytosis of microbes and
apoptotic cells, and antigen presentation. All cells, including immune cells, express ion channels
to regulate membrane potential and flux of signaling ions, such as Ca?*, to control cellular function,
such as proliferation, development, migration, gene expression, and programmed cell death?.
Here, | will discuss the essential role of ion channels in the innate immune system, with a focus
on studies supported by genetic evidence (i.e. mutations in human patients, interfering RNA, or

“knockout” mice).

Overview of Innate Immunity

All living organisms serve as hosts for other species, from symbiotic relationships to deleterious
ones. Host organisms have evolved strategies to detect and, if necessary, destroy foreign
pathogens, which include microbes (bacteria, fungi, viruses) and other parasites. The innate
immune system orchestrates the initial defense against pathogens, discriminating between self
and non-self molecules using germline-encoded receptors to detect pathogen and danger-
associated molecular patterns (PAMPs and DAMPS). In vertebrates, the innate immune
responses are essential to activation of the adaptive immune system, which is a long-lasting
immunological response mediated by T and B lymphocytes.

The innate immune system carefully balances pro- and anti-inflammatory cellular

programs to support tissue development, organ homeostasis, and host defense, and these
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responses must be rapid, specific, and tightly regulated to permit the appropriate immunological
activation. For instance, destruction of a single E. coli bacterium requires distinct cellular
programs from clearance of dying cells. The innate immune system can be broadly defined to
include any cells involved in host intrinsic defense, such as epithelial cells that comprise barrier
surfaces in addition to conventional immune cells. Although non-immunological cells can play a
vital role in host defense, most of our understanding is derived from studies of myeloid
phagocytes, which will largely be the focus of this introduction.

Myeloid phagocytes include neutrophils, monocytes, dendritic cells, and macrophages?.
These cells use a combination of reactive oxygen species, degradative enzymes, and other
factors to facilitate engulfment and destruction of phagocytic cargo. Neutrophils, the most
abundant leukocyte in human blood (~65% of cells), patrol the circulatory system to mediate
pathogen clearance. These short-lived cells (~12 hours) rapidly migrate into tissues in response
to chemotactic cues via extravasation, but are not normally found in healthy tissues nor do they
efficiently clear apoptotic cells. Monocytes circulate in the vasculature, extravasating into tissues
in response to chemokines or ‘danger’ signals. Monocytes can differentiate into dendritic cells
and macrophages, and evidence from transcriptomic and lineage-tracing studies indicate that
monocyte-derived cells are of distinct origin from tissue-resident phagocytes®. Dendritic cells are
professional antigen presenting cells, serving as a direct interface between the innate and
adaptive immune system. Upon uptake of “immunologically interesting” cargo, dendritic cells
migrate to lymph tissue to present antigen-derived peptides on their cell surface to T cells - with
appropriate co-stimulation, the activated T cell can migrate and proliferate to initiate an adaptive
immune response. Macrophages are the quintessential phagocyte, residing in nearly all bodily
tissues to clear dead cells, debris, and pathogens via phagocytosis. Although also capable of
antigen presentation, macrophage responses to phagocytic cargo, both through clearance and
cytokine production, define their immunological footprint. Together, these cells form the backbone
of innate immunity.
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. All cells express ion channels, which are fundamental to migration, cell development,
proliferation, and apoptosis. The core functions of innate immunity, which include cytokine
production, phagocytosis, and antigen presentation, are highly sensitive to intracellular ion
concentrations lon channels control the entry of Ca?" ions, and the ‘opening and closing’ of
channels is sensitive to signaling initiated by immunological receptors. Together, ion channels
and Ca?* dynamics rapidly shape signal transduction, which can also shape long-term

immunological signaling through indirect regulation of metabolic and transcriptional networks.

Electrophysiology for Immunologists

Expression of ion channels and transporters endows cells with the ability to control the passage
of ions across membrane barriers, converting electrical signals into a nonelectrical response
(most often translated by Ca?*-permeable channels). Cells employ this ionic gradient as an energy
source to produce electrical signals, take up nutrients, manage the balance of tissue electrolytes,
regulate cell volume, and secrete proteins®. A schematic of major ion channels expressed in
innate immune cells is illustrated in

Figure 1. The electrical polarization of the plasma membrane — or membrane potential (Vi) —
depends on transporters and ion channels to maintain concentration gradients across biological
membranes. The diffusion of ions is dependent on three major factors: the ionic concentration
gradient, permeability of the ion (i.e. channel opening), and membrane potential. Generally, the
balance of Na*, K*, Cl ions (~20-fold concentration gradient) establishes resting Vm, while ions
with large gradients (10,000-fold for Ca?* and Zn?*) are used for signaling. Upon opening, ion
channels allow ions to freely diffuse ‘down’ their electrochemical gradient, which influences Vi,
(discussed later). In contrast to ion channels, pores remain open to allow free diffusion of
molecules (or proteins) through membranes, and active transporter proteins require ATP to move

charged molecules; these are discussed in other helpful reviews®’.
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lon channels act as “switches” to release energy stored by electrochemical gradients. All
channels contain a pore domain, which allows ions to pass through the membrane, and a sensor
domain which allow the channel to respond to cues that determine an open or closed state. Small
conformational changes “open” an ion channel to permit specific ion(s) to be conducted through
the channel pore (often more than 10° ions per second). As described by Roderick MacKinnon
(2003 Nobel Prize in Chemistry), ion channels create a “proteinaceous passageway” that extends
through the membrane bilayer, allowing a channel to “feel” an ion, and if it is a favorable energetic
interaction, the pore domain allows the ion to pass through (known as ionic selectivity)*. To modify
electrical (and nonelectrical) signaling, only very small changes in ionic flux must occur. Cells
have evolved channels of varying cationic selectivity, ranging from permeability for one ion
(Pca/Pna > 1000 for Orai channels?®) to ‘cation non-selective’ channels (most TRP channels), which
may be permeable to both monovalent (Na*, K*) and divalent (Ca?*, Mg?*, Zn?*) cations®. Chloride
is the only halogen-group element abundantly found in biology, thus channels and transporters
need only select CI' over phosphate, sulfate, bicarbonate, and anionic proteins (which are
significantly larger, molecularly)*. Together, the interplay amongst these channels influences
changes in membrane potential (largely driven by levels of Na*, K*, and CI)) and the flux of ionic
signals as second messengers (such as Ca?* and Zn?").

The cell surface contains thousands of channels to establish the cell’s Vi, and dictate the
precise timing and localization of the entry of charged ions, particularly Ca?*, to influence cellular
signaling. Likewise, immune cells only express a subset of the over 300 mammalian genes that
encode ion channels (ImmGen). Early investigations of immune cells’ electrical properties
discovered that many immunomodulatory molecules (including endotoxin, serum complement
proteins, and formyl-methionyl peptides'®) stimulated changes in membrane potential in immune
cells and kindled immunologists’ interest in ion channels. These studies observed patterns of both
transient and sustained changes in membrane potential in response to antigens, immuno-
complexes, and during phagocytosis. In the nearly 40 years since these seminal studies,
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advances in molecular tools and genetically-encoded Ca?* indicators have permitted a recent

renaissance in understanding the role of ion channels in the immune system.

Brief review of signal transduction and implications for ion channels

Innate immune responses are defined by the ability to detect foreign (and danger-associated)
molecular patterns, which drive both pro- and anti-inflammatory cellular programs. These
responses are modulated by the mosaic of immunological receptors that recognize host-derived
chemokines, growth factors, immunoglobulins, and nucleotides. Many of these signaling
responses activate, or are influenced by, ion channels and Ca?* signaling. How innate immune
cells detect these signaling molecules and decipher transduction of heterologous stimuli remains
an area of intense research interest''3, lon channels help translate rapid ionic and biochemical
signals into rapid cellular responses, and in collaboration with immunological receptors, drive
robust, long-term immunological programs. Thus, coordination of this coincidence detection by
both receptors and channels must be modulated to drive immunological responses.

Upon detection of an immunomodulatory signal, receptors lead to production or release
of second messengers (including Ca?*, bioactive lipids, cyclic-nucleotides, and NO) that are
localized to a specific protein activity (e.g. opening of an ion channel) and allow precise
spatiotemporal control of receptor signaling and regulation of immunity'#6. Activation of Gg-
coupled GPCRs (G protein-coupled receptors; certain nucleotide, eicosanoid, hormone,
complement receptors, and others), RTKs (Receptor tyrosine kinase; TAM-family, growth factors),
PRRs (Pattern recognition receptors; TLR1/2 and TLR4-CD14 complex; see below), and
receptors with ITAM-domains (Immunoreceptor tyrosine-based activation motif; FcRy, Dectin-
1, B-2 integrins, TREMS) activate phosphatidylinositol-specific lipases, commonly by a Src-family
kinase-dependent mechanism. These immunological receptors cluster around membrane

domains rich in phosphatidylinositol 4,5-bisphosphate (“PIP2”), a favorite target for phospholipase
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C enzymes (PLCs). Mammalian PLCs hydrolyze membrane PIP and PIP2 to generate two second
messengers: diacglycerol (DAG) and inositol trisphoshate (IP3). IP3 mediates release of Ca?*
from intracellular stores through IP3 receptors (IP3R; discussed later), and multiple enzymes
generate new membrane lipids or modify others (such as DAG lipase converting DAG into
arachidonic acid, a pivotal parent lipid for production of eicosanoids?’). Membrane phospholipids
differentially modulate ion channel activity, and G-proteins can directly regulate some TRP and
K* channels!®!®, Opening and closing ion channels in response to immunological signals is
essential for regulating cytosolic Ca?* levels and oscillations, which tunes signal transduction%22,
and membrane potential. These signals also activate protein kinase C (PKC), a central regulator
of signal transduction in the immune cells??, thereby incorporating PKC substrates into Ca?*-
sensitive signaling pathways. Thus, through modulation of Vi, and Ca?" signaling, second
messengers and ion channels, endow immune cells with the ability to respond to an array of
stimuli by integrating short-term, receptor-initiated signals into long-term transcriptional responses
to drive well-defined cellular programs.

For instance, our recent study shows that recognition of LPS by the TLR4-CD14 receptor
complex activates the ion channel TRPM7, leading to elevations in cytosolic Ca?* in bone marrow-
derived macrophages?. Optimal LPS-induced transcriptional responses require TLR4, which
localizes to PIP2-rich plasma membrane domains to initiate signaling?*, and CD14, which initiates
LPS-induced Ca?* elevations?® and activates Syk and PLCy2%25, Together these activities are
required to promote endocytosis of TLR4 and complete activation of NFkB and Type | IFN gene
transcription. However, as a GPl-anchored protein, it is unknown how CD14 facilitates Syk
activation, and how rapid pulses or oscillations in cytosolic Ca?" shape well-defined LPS
transcriptional responses over time. Regulation of LPS-signal transduction by Ca?* signaling and

TRPM7 in macrophages is discussed in detail in Chapter 2.
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Channels regulating membrane potential

Beginning in 1975%’, seminal studies observed that macrophages and granulocytes exhibited
changes in membrane potential (within sec to min) in response to ligands that triggered
superoxide production?® and during phagocytosis?®. Innate immune cells typically maintain a
resting membrane potential of between -70 and -35 mV, depending on the cell type and
measurement method?®331, In response to PMA or zymosan, the amount of stimulus-induced
reactive oxygen species (ROS) production correlated with the magnitude of membrane
depolarization and could be modulated by artificially inducing depolarization with high extracellular
K* (5 to 150 mM)?8. Notably, peritoneal macrophages and J774 cells (a human macrophage cell
line) can depolarize (rate of ~1mV/ms up to 0 mV) in response to extracellular ATP and repolarize
within seconds after ATP removal®!. Likewise, acidification of lysosomes and phagosomes builds
up substantial positive charge in the endosomal space, which requires relief by anions or cation
efflux for sustainable acidification3?33 — this phenomena is explored in detail in Chapter 3. Thus,
there is a close relationship between membrane depolarization and the functional activity of innate
immune cells, although this subject is grossly understudied in the immune system.

Vn is largely maintained in innate immune cells by K* channels, transient receptor potential
melastatin-like 4 (TRPM4), and Cl-conducting channels (with the support of ATP-driven pumps).
It should be noted that ion channels regulate Vi by causing small imbalances in charge (‘carried’
by ions) at the membrane, not by modulating the bulk concentration of ions in solution. Changes
in membrane potential modulate the activity of voltage-gated (e.g. K+ channels) and voltage-
sensitive (e.g. TRP channels) channels. This distinction refers to channel properties where
“sensitive” channels are constitutively active and modulated the magnitude of channel
conductance with Vi, but “gated” channels are only open when a certain Vi is reached. Coupled
with elevated [Ca?*]y:, depolarization of the membrane limits subsequent Ca?* elevations through

a diminished electrochemical gradient. K channels allow diffusion of K* out of the cytoplasm and
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promote membrane hyperpolarization (Vi further from 0 mV), whereas opening of Na* channels
(such as TRPM4, which is highly selective for Na* ions) depolarizes the plasma membrane (see
Figure 2).

While voltage-gated Na* and Ca?* channels are critical to restoring resting Vm in many cell
types, innate immune cells only exhibit a voltage-gated K* channel, but not Na* or Ca?
conductance (for macrophages, see Ref®0). Although there is pharmacological evidence of
immune cell-sensitivity to common Na*-channel blockers®*, future studies must use genetic and
electrophysiological approaches to adequately characterize Na*-selective channels in innate
immunity. Likewise, CI- contributes to resting Vm, but the channels responsible for anionic
conductances in immune cells have remained largely elusive until recently (i.e. the volume-
regulated anion channel current (lvrac)). In peripheral blood mononuclear cells, anion
conductance results in mild depolarization due to the relationship between measured resting
membrane potential (Vi = -53 mV) and Nerst potential for CI' (Eci = -33 mV; [Cl]¢e = 38 mM,
assuming no compartmentalization)®, which is in contrast to its hyperpolarizing effect on neurons.
Recently, LRRC8 was identified as a channel component for lvrac *%7, and in humans, mutations
in LRRCBS8A show it is essential for B cell development®. However, the role of LRRC8 and identity

of major CI channels in innate immunity remain unclear®.
K* Channels

Since the observations of voltage-gated K* channel activity in the 1980s, multiple K*
channels have been identified in innate immune cells, including voltage-gated (Kv1.3 and Kv1.5),
Ca?*-activated (KCal.l and KCa3.1), and inward rectifying K* channels (Kir2.1)*>-42, These
channels work in concert to hyperpolarize the cell in response to elevations in cytosolic Ca?* or
depolarization caused by non-selective cation channels. Voltage-gated and Ca?"-activated K*
channels outwardly efflux K* ions from the cytosol to repolarize the cell membrane. Inward

rectifying K* channel 1 (Kir2.1) was originally cloned as Irk1 from murine macrophages®. This
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channel is expressed in the myeloid cells, but not in NK, T, or B cells (ImmGen). The unique
electrophysiological properties of the Kir2.1 channel allow cells to maintain a depolarization state
(due to lack of outward current at positive membrane potentials) and, in the absence of
depolarizing signals, promote a resting membrane potential near the equilibrium potential of K*
(Ex = -90 mV). Although the studies cited here provide strong evidence for a functional role of
these channels in macrophages, few recent studies (or genetic approaches*®) have characterized

K* channels in innate immunity.

TRPM4

TRPM4 is a monovalent cation-selective channel, and channel opening would depolarize
the cellular membrane by permitting the influx of Na®. TRPM4 is activated in response to
elevations in cytosolic Ca?* (ECs=3.5 uM in absence of PIP2)*. In a model of sepsis (cecal
ligation puncture; CLP), loss of Trpm4 enhanced susceptibility to septicemia in mice, dramatically
increasing inflammatory cytokine production in myeloid-specific and global deletions of Trpm4*.
Likewise, TRPM4 was required for phagocytosis of E. coli in peritoneal macrophages, but no
defects in Ca?* responses or phagocytosis were observed in Trpm4-deficient neutrophils. In a
separate study*®, TRPM4-deficient DCs had enhanced Ca?* responses to E. coli supernatants
(i.e. LPS), likely due to lack of tonic depolarization by TRPM4. Deletion of Trpm4 impaired DC
migration to lymph nodes in vivo. However, this did not impact DC differentiation ex vivo. Thus,
TRPM4 normally restricts PAMP-induced Ca?* responses in monocytes, BMDMs, and DCs

through modulation of V.

Ca?*-permeable channels

Since the experiments of Sidney Ringer in the 1880s to reanimate frog hearts, Ca?* has been
appreciated as a key signaling ion of biology (a brief history and context can be found here*’).
Along with phosphate ions, Ca?* provides precise regulation of hundreds (if not, thousands) of
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proteins by altering protein confirmation and charge. Extracellular tissue fluid and blood have Ca?*
levels of ~2.4 mM, but in resting cells, free, cytoplasmic Ca?" is maintained at only 10-100 nM.
lon channels, transporters, and exchangers carefully control the entry, storage, and release of
Ca?* within the cell, with a substantial portion of cellular ATP production dedicated to the extrusion
and sequestration of Ca?" ions. This 10,000+-fold gradient provides cells with an immense
reservoir of potential energy to call upon as needed. Ca?* levels are elevated in the cytosol
through 1) the extracellular space by plasma membrane channels, 2) release from ER stores, and
although largely mysterious, 3) release from other intracellular stores, such as lysosomes,
mitochondria, or specialized endosomes.

Ca?" intrinsically acts as a rapid, highly localized second messenger as free Ca?* is rapidly
bound by a variety of proteins, extruded from the cell, or taken up into the mitochondria or the ER
(which store uM to mM levels of Ca?*). These aspects of Ca?* signaling, as well as a brief review
of the protein domains that bind Ca?* and the pumps that establish resting Ca?* levels, have been

excellently discussed elsewhere®®4°,

Store-operated calcium entry

As discussed above, a multitude of cellular receptors activate PLCs to cleave PIP2 into DAG and
IP3. Cytosolic IP3 is rapidly detected by the IP3 receptor (IR3R), which is a tetrameric, ligand-
gated ion channel. IP3Rs (Iptrl to 3) are non-selective cation channels that open upon binding of
IP3 to allow Ca?* to diffuse from the ER into the cytoplasm. At least one IP3R type is expressed
in almost all cells. Likewise, ryanodine receptors (RyRs; Ryrl to 3) are intracellular membrane-
resident ion channels that are activated by uM levels of cytoplasmic Ca?*. Although modest
expression of these channels is reported in expression databases (ImmGen), functional validation
of RyRs in immunity is poorly defined. Opening allows release of intracellular Ca?* stores, and
RyRs are predominantly expressed in the sarcoplasmic reticulum of skeletal muscle, myocardium,

and neurons®. Likewise, limited genetic studies of IP3Rs and RyRs indicate that genetic
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disruption of these channels does not generate any gross defects in immune cells®%2, suggesting
that there is likely compensatory function amongst these channels. Despite being downstream of
many key immunological receptors, these channels represent a relatively overlooked area of
immunology.

Seconds after receptor-mediated release of Ca?* from the ER, cells activate plasma
membrane Ca?" channels, termed “store-operated Ca?* entry.” As ER Ca?" is depleted, a small,
highly Ca?*-selective current is conducted by Orai channels (Ca?" release activated current;
Icrac)®®. STIM proteins, along with support of adaptors®*, sense depletion of ER Ca?" using EF-
hand motifs, which triggers clustering of STIM proteins in the ER membrane. Aggregates of STIMs
then associate with Orai channels at the plasma membrane to promote opening of the Orai
channel®® which conducts Ca?* into the cytoplasm.

Mutations in ORAI1 and STIM1 in human patients suggest that SOCE is essential for
activation of the adaptive immune system, but interestingly, no defects in the development or
function of myeloid cells was observed®®. Deletion of Stim1 and Stim2 completely ablates SOCE,
as deletion of single Orai channels (Orail, 2, or 3) or Stim proteins may be insufficient to disrupt
SOCE?®’, and innate immune cells appear to express all Stim and Orai proteins to some degree.
Likewise in the innate immune system, both BMDMs and BMDCs with knockout of both Stim1
and Stim2 did not exhibit any developmental or functional defects in response to PAMPs,
phagocytosis, and inflammasome activation, despite the lack of a characteristic SOCE
response®’. Ca?" signaling was required for all tested myeloid cell functions, but the results
demonstrate that STIM-proteins, and thereby SOCE, do not play a significant role in activation of
macrophages or dendritic cells®’.

Given the fundamental nature of SOCE, this process may contribute to context specific
signaling in innate immunity. Stim1-deficient macrophages exhibit decreased Ca?* responses to
FcR-crosslinking®® and during FcR-mediated phagocytosis®. In dendritic cells, STIM1 regulates
migration and antigen presentation of IgG-opsonized cargo, but is dispensable for phagosome
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acidification®®, a hallmark of phagosome maturation®:. In summary, STIM-family proteins, and
thereby SOCE, may be utilized in specialized circumstances, such as FcR signaling or perhaps
ER-mitochondrial contacts®?, but are largely dispensable for innate immunity®.

Consequently, the unclear significance of SOCE in innate immunity indicates that other
Ca?* permeable channels serve as central regulators of immunity. These channels include P2X-
family and TRP channels, while emerging roles for mechanosensitive and mitochondrial Ca?*
channels are still being identified. | will discuss these channel groups in detail below, concluding

with a focus on TRPM7 — the subject of this dissertation.

Purinergic (P2X) channels

P2X4

Despite evidence of high expression in innate immune cells (ImmGen), few studies have
examined P2X4 in the immune system. P2X4 is reported to be localized in lysosomes by
immunocytochemistry using a knockout-validated antibody®*. However, lysosomal abnormalities
are not reported from the global P2rx4 knockout mice, and its expression was observed on the
cell surface and intracellularly®®. P2X4, but not P2X7, mediates bacterial killing by macrophages
in response to 100 uM ATP, and global P2rx4 knockout mice are more susceptible to CLP-
induced sepsis, exhibiting increased systemic inflammatory cytokine production®®. Although
adoptive transfer experiments demonstrated the phenotype was largely driven by myeloid cells®®,
development of a floxed-mouse for conditional deletion of P2rx4 would greatly aid future studies
examining the role of P2X4 in the immune system.

P2X7

P2X7 channel is central for inflammatory activation of myeloid cells, especially during NLRP3
inflammasome activation®’. Requiring concentrations greater than 500 uM ATP for activation,

P2X7 channel forms a large, non-selective pore permeable to a variety of cations, dyes, and
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organic solutes®-'°. Activation of the channel is associated with a K* ion efflux that is thought to
be critical to NLRP3 inflammasome activation, and P2rx7-deficient macrophages and neutrophils
have severely compromised IL-1B release during inflammasome activation’>"2, Although
macrophages from P2X7 global knockout mice have normal production of COX-2 and LPS-
induced cytokine transcription, they are defective in ATP-mediated IL-1B release in vivo™.
However, opening P2X7 would also allow an influx of Na* and Ca?*, likely causing a dramatic
disruption of cellular electrochemical gradients in myeloid cells. Innate immune cells are unlikely

to typically utilize P2X7 during all instances of IL-1p release and may only do so during pyroptosis.

Mitochondrial and mechanosensitive Ca?*-permeable channels

An emerging mechanism of Ca?* regulation is derived from the discovery of bona fide
mechanosensitive Piezo channels and the mitochondrial proteins Letm1 and MCU. Piezol and
Piezo2 are mechanically-activated cation channels™»” that transduce a variety of
mechanosensory inputs in physiology’®. Although these channels appear to be expressed in
innate immune cells (ImmGen) and would be predicted to be important for motility or pseudopod
formation, characterization of their role in immunity awaits investigation.

In the mitochondria, Letm1, a Ca?'-H" antiporter’’, and MCU, a Ca?' selective ion
channel™®7, facilitate uptake of Ca?" into the mitochondrial matrix. The outer mitochondrial
membrane contains large pores which allow free diffusion of cytosolic ions, but the inner
mitochondrial membrane controls ionic permeability through pumps and transporters, maintaining
a resting cytoplasm-to-mitochondrial membrane potential of nearly -200 mV. Mitochondrial
dehydrogenases for cellular metabolism are Ca?*-sensitive®, and mitochondrial Ca?* uptake likely
plays a major role in modulating metabolic activity of all cells. Although the precise immunological

role for Letm1 and MCU is unknown, the regulation of mitochondrial Ca?* likely serves as a
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fundamental mechanism to modulate production of reactive oxygen species and cellular

metabolism to mount effective immunological responses®!.

TRP Channels

TRP channels are a superfamily of cation-selective, Ca?* permeable ion channels with polymodal
activation mechanisms*®82, The 28 mammalian TRP channels form six-transmembrane domain
proteins, which form homo- and heterotetrameric channels, have been grouped into six families
based on homology: TRPA, TRPC, TRPP, TRPV, TRPML, and TRPM. TRP channels are
responsive to multiple molecular and chemical stimuli (in the form of direct ligands and second
messengers) and capable of modulating cellular signaling through changes in membrane
potential and Ca?* signaling. In general, opening of TRP channels permits flow of ions
extracellular Na* and Ca?* into the cytosol, thereby causing a charge imbalance that depolarizes
the cell membrane. Consequently, TRP channels are well-positioned to serve as major cellular
sensors and integrate signaling from a variety of receptors.

Direct activation (or inhibition) of channel function can be induced by exogenous small
molecules and inorganic ions, such as Ca?" and Mg?*. Direct activation can also occur through
detection of temperatures changes and pH, which occurs within physiological range for TRPV4
(active above 23°C) and TRPM7 (ECso at pH 5), respectively®. Although natural ligands for some
TRP channels have been identified (for instance, cold and menthol for TRPM884, which is not
expressed in the immune system), the physiological ligands for most TRP channels remain to be
discovered. It should be noted that reports of direct channel regulation, particularly by
mechanosensation or phosphorylation, should be interpreted with caution. Activation of bona fide
biological sensory transducers, as in the case of membrane stretch, may indirectly regulate
channel activity through production of second messengers. Likewise, there is no evidence for

phosphorylation alone to directly activate ion channel activity, although it may facilitate association
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with modulatory accessory proteins. Generally, only sensory stimuli applied in physiologically-
meaningful range should be considered. Biological signaling fundamentally depends on changes
in protein conformation or charge to signal, and eventually all proteins will respond to energetic
changes invoked by sufficiently strong alterations in mechanical force, high or low pH, and
temperature.

TRP channels are regulated indirectly by ‘coincidence detection’ of other receptor
signaling events, such as levels of PIP2, other bioactive lipids, changes in Vn, or detection of
second messengers. Indirect regulation of TRP channels may also be achieved by controlling the
number of channels present in the membrane (a mechanism shared by some GPCRs®®). Multiple
TRP channel members (such as the TRPMLs) are localized to endosomes, and insertion and
removal of TRP channels into the plasma membrane by these endosomes has been proposed
as a potential regulatory mechanism®82, As described below, some TRP channels are crucial
regulators of cytokine secretion and membrane fusion events, particularly TRPMLs, TRPM2, and
TRPM?7. Although it is likely that this mode of regulation occurs in innate immunity and other cell
types, direct evidence of this hypothesis as a major regulatory mechanism for TRP channels has
not been demonstrated.

Overall, TRP channels are active at resting Vm, prudently trickling Ca?* and other cations
into the cytosol, but only a subset of TRP channels are expressed in the innate immune system.
These channels are expressed at relatively low density, with only a few hundred channels at the
plasma membrane in innate immune cells, and most are effectively self-inactivated by high
cytosolic concentrations (>0.1 mM) of divalent cations. The polymodal activation, localization to
specific organellular domains, and ability to link enzymatic activity to conduction of millions of ion
per second suggests that TRP channels are well-suited to serve as cellular amplifiers of signal

transduction?s.
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TRPC, TRPAL, and TRPP

Gene expression data indicate that TRPPs (also known as PKDs) may be expressed in
the innate immune system (ImmGen). To date, no studies on TRPP channels in innate immune
cells, including validation of their expression, have been conducted. In contrast, TRPC-group and
TRPA1 are not expressed in the immune system. In our review of the literature, there is no
genetically validated experimental evidence demonstrating expression of functional TRPAL or
TRPC channels in the immune system.
TRPV
TRPV2

TRPV2 is gated by noxious heat (>52°C) and A®-tetrahydrocannabinol (THC)®, but other
physiological ligands remain to be discovered. siRNA-knockdown of Trpv2 in dendritic cells
suggests that TRPV2 may be important for cellular responses to heat (43°C)®&’, which would be
highly relevant in fever-responses during infection; however, the cellular consequence for this
response is unresolved. Trpv2-deficient macrophages are defective in migration and
phagocytosis, but not production of TNFa in response to LPS®. Phagocytosis of 1gG-coated
beads, complement-opsonized beads, or zymosan particles by peritoneal macrophages and
BMDMs required TRPV2, which localized to phagosomes of IgG-opsonized cargo. Accordingly,
TRPV2 global KO mice were more susceptible to infection with L. monocytogenes. TRPV2 was
necessary for phagocytosis-associated membrane depolarization and synthesis of PIP2 (which
could also be produced by membrane depolarization with high extracellular K*) at cargo contact
sites. Diminished PIP2 resulted in decreased clustering of FCRs, which decreased cargo binding
and phagocytosis®. Recent studies have examined the influence of Vi, on PIP2 clustering and
signal transduction®, and this mechanism may extend beyond TRPV2 and be a common

consequence of inhibition of TRP channels.
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TRPV4

Localized at the plasma membrane, TRPV4 is activated by arachidonic acid and
temperatures above 24°C*°. TRPV4-mediated Ca?* signaling in macrophages is proposed to
mediate production of prostaglandins in the gut, which are detected by gut smooth muscle cells
to regulate homeostatic gut motility®*. Trpv4 global KO mice had decreased PGE2 production in
response to TRPV4 agonists; however, PGE2 production was not measured in response to
physiological stimuli, nor is a gating mechanism for the channel identified. Although TRPV4-eGFP
reporter mice were used to interrogate key cells types in vivo, ~25% of TRPV4-expressing cells
were not immune cells (likely enteric endothelial cells) and could account for the effects of global
Trpv4-deletion®:. To understand the role of TRPV4 in innate immunity, future studies require use
of tissue specific deletion of Trpv4.
TRPML
TRPML1
TRPML1 is endogenously activated by membrane PI(3,5)P2% and sphingosine®®, and this
channel is localized to lysosomes®. Human mutations in the TRPML1-encoding gene Mcolnl
result in Type IV Mucolipidosis, a severe disorder caused by dysregulation of cellular lipid
storage®. During phagocytosis of IgG-opsonized cargo, TRPML1 is activated by accumulation of
PI(3,5)P2 on Lampl+ endosomes, a marker of lysosomes and late endosomes/phagosomes,
which promotes lysosomal Ca?* release® . During phagocytosis of IgG-opsonized red blood
cells by BMDMs, TRPML1 promotes lysosomal exocytosis, which drives recruitment of new
membrane to promote phagocytosis®. TRPML1 is localized to phagolysosomes, and whole-
phagosome electrophysiology verified the presence of the channel. TRPML1 currents were not
observed in basal phagosome recordings, requiring induction by synthetic agonists.
Correspondingly, using an siRNA knockdown approach, TRPML1 was found to mediate phago-
lysosomal fusion during phagosome maturation of IgG-opsonized beads, and this effect could be

increased by TRPML1 overexpression®. Experiments to resolve the spatiotemporal lysosomal
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Ca?* dynamics during phagocytosis are difficult to interpret, as the authors used fluorescent Ca?*-
indicator dyes that were sequestered into endosomal compartments® or relied on overexpression
of GCaMP3-channel fusion constructs®, which measure lysosome-proximal Ca?*, not direct
release of Ca?" from lysosomes. In dendritic cells, TRPML1 promotes migration through
nanotubes, which is proposed to be via Ca?-mediated regulation of actinomyosin cellular
machinery®’. Although this is proposed to occur via lysosomal Ca?' release, neither direct
observations of lysosomal Ca?*, nor an activation mechanism for TRPML1 are shown. However,
measurement of cytosolic Ca?* levels in response to a TRPML1 agonist and thapsigargin, which
blocks pumps that sequester Ca?*in the ER, indicate that TRPML1-deficient DCs have decreased
basal cytosolic Ca?* levels®. In vivo, excessive accumulation of red blood cells (which require
clearance by phagocytes) was observed in the spleen, as well as neurons during brain
development in vivo in TRPML1 global knockout mice®®. TRPML1 likely plays a major role in
regulation of lysosomal biogenesis and maintenance; thus, disruption of TRPML1 may have
secondary effects on immune cell processes, such as migration.

TRPML2

TRPML2 is expressed at relatively low levels in resting BMDMs, but robustly upregulated (10-
fold) in response to LPS%, a substantial transcriptional increase (albeit, unusual) for an ion
channel. TLR ligand-induced production of chemokines, notably CCL2, was dependent on
TRPML2 expression, leading to defects in macrophage recruitment in a models of peritonitis in
vivo®. In vitro, LPS-induced production of CCL2 can be augmented with a novel TRPML2 agonist
(ML2-SA1), which was validated with genetic knockout controls®. Using ML2-SA1 to probe
endosomal subtypes, TRPML2 localizes to recycling endosomes, presumably to mediate CCL2
secretion. Although the immunological significance of specialized endosomes, particularly the
granules of neutrophils, is clear, the role of endosomal sorting in innate immune cells is
underexplored. Through modulation by PI(3,5)P2 in specialized endosomes, TRPMLs provide a
direct link between channels and innate immune responses.
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TRPM
TRPM2
TRPM2 channel is activated by oxidative stress and the metabolite adenosine 5’-diphosphoribose
(ADPR)¥° TRPMZ2, along with TRPM7 (and TRPM®6, which is not expressed in immune cells), is
known as a “chanzyme”, as it contains a C-terminal domain with enzymatic activity. TRPM2
contains a NUDT9 homology domain, which is a putative pyrophosphatase!®?; however, whether
this domain is functional has recently been contested'?. Deletion or inhibition of Trpm2 is
protective in multiple murine inflammatory models, including lung infection with P. aeurigniosa or
endotoxin, CLP-induced sepsis, DSS-induced colitis, and intravenous inoculation with L.
monocytogenes'®1%, Independently of NADPH oxidase activity'®*, TRPM2 is activated by ROS
to mediate Ca?* entry required for transcription of inflammatory cytokines and chemokines, and
this has been observed in THP1%® and U937 cells!®® (human monocyte cell lines), monocytes,
BMDMs!%, and alveolar macrophages!®’. In the context of microbial infection, TRPM2 was
required for Killing of P. aeuriginosa, and whole-phagosome electrophysiology recordings
indicated that ADPR and H»O2-inducible currents (indicative of TRPM2) were present on red blood
cell-containing phagosomes!®. However, only ~50% of induced current was attributable to
TRPM2, and TRPM2 did not mediate phagolysosomal fusion or killing of S. aureus by BMDMs.
Trpm2-deficient mice are highly susceptible to intravenous infection with L.
monocytogenes, with immunodeficiencies as severe as IFNyR-deficient mice due to lack of INOS
upregulation and IFNy production in Trpm2-null mice. However, the most striking defects in IFNg
production were seen in NK cells'®. In NK cells, cytolytic activity during anti-tumoral immunity
requires TRPM2 for degranulation, due to decreased release of granzyme B!%. CD38-dependent
(an ADPR expressed on most immune cells) Ca?* signaling was required for degranulation of NK
cells, suggesting that TRPM2 may be a central regulator of ROS-stimulated granule release in

other innate immune cells, such as neutrophils®®, although this model has not been investigated.
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Focus: TRPM7

TRPM?7 is a tetrameric ion channel, with each large protein subunit (~241 kDa) containing Six
transmembrane domains — the structure has been recently solved using Cryo-EM° (see Figure
3). Global deletion of Trpm7 is embryonic lethal, and TRPM?7 is expressed at low levels in all cells,
but its expression is highest in the brain, heart, and hematopoetic cells'!!. As evidenced by patch-
clamp electrophysiology, TRPM7 is expressed at the plasma membrane, but it is also expressed
on intracellular vesicles!*2,

In addition to the non-selective cation pore domain, TRPM7 contains a serine-threonine
kinase domain, which can be cleaved by caspases to free the kinase domain during Fas-induced
apoptosis®, Additional contexts of TRPM7 cleavage remain to be discovered, but liberation of
the kinase domain increases channel current!?, suggesting that the kinase domain may regulate
TRPM7 channel activity (or recruitment of TRPM7 to the plasma membrane). The TRPM7 kinase
can phosphorylate PLCs!4115 annexin A1'¢, myosin Il light chain kinase!’, and histones!8, but
the cell biological significance of these events is unclear. TRPM7 kinase-dead mice develop
normally, and functional TRPM7 currents are present in peritoneal macrophages?'®. Using these
same mice, mast cells with defective TRPM7 kinase show decreased histamine release®?®,
although the precise mechanism was unresolved. Future studies on TRPM7 kinase require
genetic approaches in kinase-dead mice (or new, gene-edited mice) to interrogate the role of
TRPM7Y kinase in innate immunity.

TRPM7 channel (single-channel conductance of 41 pS) is activated by acidic extracellular
pH2!, modulated by local levels of PIP21?2123 and inhibited by intracellular Mg?* 124, although
other physiological ligands remain to be discovered. In neurons, TRPM7 regulates vesicular

fusion, and TRPM7-deficient neurons are protected from Ca?* overload during ROS-induced cell
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death'?®. In the immune system, TRPM7 is required for normal development of T cells!t, but until
now, no studies have investigated the role of TRPM7 in innate immunity.

Herein this dissertation, | describe the first mouse strain with a genetic deletion of Trpm7
in the innate immune system (Trpm7""2sMCr) with a focus on the role of TRPM7 in macrophages.
This research characterizes TRPM7 during two major macrophage functions: inflammatory
cytokine production and phagocytosis. In Chapter 2, | discuss the role of TRPM7 in LPS signal
transduction, which was recently published in Immunity?®. Chapter 3 describes the regulation of
macrophage efferocytosis, or the phagocytosis of apoptotic cells, by TRPM7 during phagosome
maturation (at the time of writing, this work has been submitted for peer review). Finally, Chapter
4 discusses outstanding questions and future directions for studies regarding the role of TRPM7

in innate immunity.
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FIGURES: Chapter 1
Figure 1. lon channels expressed in innate immune cells
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Figure 1. lon channels expressed in innate immune cells

A. Schematic of ion channels expressed in macrophages. Characterization of ion channel
expression in innate immunity is best characterized in macrophages. Subcellular localization is
portrayed as described from studies in resting cells.

B. Cartoon of the general architecture of ion channel families in innate immunity. Monomeric

subunits and transmembrane domains are illustrated. Proteins are not shown to scale.
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Figure 2. Regulation of membrane potential in innate immune cells
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Figure 2. Regulation of membrane potential in innate immune cells

A. Schematic of major ion channel families that maintain resting membrane potential in innate
immune cells. Although many channels are expressed on intracellular membranes, ion channels
and movement of ions at the plasma membrane are shown. Estimated equilibrium potential (E)
for given ions is listed. Black arrow indicates generally hyperpolarizing direction and movement
of ions; red arrow, depolarizing.

B. Opening of a non-selective cation channel (TRP, P2X) or Ca?*-selective channel (Orai) results
in membrane depolarization (Vm, closer to 0 mV). Depolarizing Vm and/or increased cytosolic Ca?
activates Ky and Kca channels, which allow K* efflux to promote membrane hyperpolarization (Vi
further from O mV; here, closer to resting V).

C. Opening of a Na* channel (e.g. TRPM4) depolarizes the cell, which decreases the driving force
for Ca?* entry and activates Ky channels.

D. Activation of CI- channels causes a mild depolarization of Vi, which would decrease Ca?* entry
through other channels (as in Panel C) and activate Ky channels. Measurement of intracellular
CI levels (~ 38 mM) relative to the resting Vm of a typical myeloid cell and calculated Ec suggest
that opening of a CI- should cause depolarization; however, characterization of CI- channels and

regulation of CI levels in immune cells is poorly defined.

35



Figure 3. Cryo-EM Structure of TRPM7 with EDTA (adapted PDB: 5ZX5)

A. Mouse TRPM7 with EDTA (3.3 Angstroms) (PDB: 5ZX5)
Structure from Duan et al. PNAS 2018 using 3D Viewer from RCSB Protein Data Bank
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Figure 3. Cryo-EM Structure of TRPM7 with EDTA (adapted PDB: 5ZX5)

A. 3.3 A cryo-EM structure of full-length, tetrameric TRPM7 (EDTA in grey; ball-and-stick model).
Four individual TRPM7 proteins are shown in distinct colors. Side view is shown at left; top view,
right.

B. Same structure shown in Panel A with N-terminal and C-terminal ends pseudocolored

(“Rainbow” pseudocoloring). N-terminal end is shown in blue; C-terminal end is shown in red.

“Cartoon” models were generated using the 3D Viewer tool from Research Collaboratory for

Structural Bioinformatics Protein Data Bank (RCSB PDB). Reference structure: 5Z2X5. Structure

was deposited by Clapham and colleagues*®.
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CHAPTER 2: CHANZYME TRPM7 MEDIATES THE CAZ*-INFLUX ESSENTIAL
FOR LIPOPOLYSACCHARIDE-INDUCED TOLL-LIKE RECEPTOR 4

ENDOCYTOSIS AND MACROPHAGE ACTIVATION

Disclaimer:

The contents of this chapter (text and figures) appear as published in Immunity. Minor modifications to the
manuscript contents have been made for increased clarity, such as titles for supplemental figures and
expanded explanations as necessary in the text indicated by [brackets]. This work was published with the
following citation: Schappe, M., Szteyn, K., Stremska, M., Mendu, S., Downs, T., Seegren, P. Mahoney, M.,
Dixit, S., Krupa, J., Stipes, E., Rogers, J., Adamson, S, Leitinger, N., Desai, B. “Chanzyme TRPM7 mediates
Ca?" influx necessary for LPS-induced TLR4 endocytosis and macrophage activation.” Immunity, 48(1):59-
74e5, Jan 2018. DOI:10.1016/j.immuni.2017.11.026. All figures were prepared by MSS. All experiments

were performed by MSS unless otherwised indicated in the figure legends.
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ABSTRACT

Toll like receptors (TLRs) sense pathogen-associated molecular patterns to activate the
production of inflammatory mediators. TLR4 recognizes lipopolysaccharide (LPS) and drives the
secretion of inflammatory cytokines, often contributing to sepsis. We report that Transient receptor
potential melastatin-like 7 (TRPM7), a non-selective but Ca%*-conducting ion channel, mediates
the cytosolic Ca?* elevations essential for LPS-induced macrophage activation. LPS triggered
TRPM7-dependent Ca?* elevations essential for TLR4 endocytosis and the subsequent activation
of the transcription factor IRF3. In a parallel pathway, the Ca?*-signaling initiated by TRPM7 was
also essential for the nuclear translocation of NFxB. Consequently, TRPM7-deficient
macrophages exhibited major deficits in the LPS-induced transcriptional programs, failing to
produce IL-1B and other key pro-inflammatory cytokines. In accord with these defects, mice with
myeloid-specific deletion of Trpm7 are protected from LPS-induced peritonitis. Our study
highlights the importance of Ca?'-signaling in macrophage activation and identifies the ion

channel TRPM7 as a central component of TLR4 signaling.
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Graphical Abstract
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INTRODUCTION

Cells of the innate immune system trigger finely-tuned cellular responses for host defense,
while minimizing collateral damage to the host'?. An array of pattern-recognition receptors
(PRRs) sense pathogen-associated molecular patterns (PAMPS) to activate the downstream
intracellular signaling machinery necessary for mediating host defense!?’. A family of membrane-
resident PRRs called the Toll-like receptors (TLRs) are of central importance because their
ectodomains sense the presence of PAMPs, eliciting cellular responses that fit the pattern of
infection 28, According to an emerging framework, the subcellular location of activated TLRs plays
a pivotal role in the choice of specific adaptors protein, linked signaling pathways, and elaboration
of suitable transcriptional programs!?>%0, This paradigm is clearly evident in the case of TLR4, a
major sensor of bacterial lipopolysaccharide (LPS)*!. Using different adaptors, TLR4 signals
distinctly from the cell membrane and early endosomes, expanding the repertoire of transcribed
genes and refining the cellular processes for a potent immunol