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Nutritional immunity involves cellular and physiological responses to invading pathogens such
as limiting iron availability, increasing exposure to bactericidal copper, and manipulating zinc to
restrict the growth of pathogens. Manipulation of zinc at the host-pathogen interface depends
on both the pathogen’s identity and the nature of the host cell. Here I examine infection of
bone marrow-derived macrophages from 1295S6/SvEvTac mice by Salmonella Typhimurium. Un-
like Balb/c and C57BL/6 mice, 12956 mice possess functional Slcllal (Nramp-1), a phagosomal
transporter of divalent cations. I carried out global RNA sequencing upon treatment with live or
heat-killed Salmonella at 2 and 18 Hrs post-infection and observed widespread changes in metal
transport, metal-dependent, and metal homeostasis genes, suggesting significant remodeling of iron,
copper, and zinc availability by host cells. Changes in host cell gene expression suggest infection
simultaneously increases cytosolic zinc and limits zinc within the phagosome. Using a genetically
encoded sensor, I demonstrate that cytosolic labile zinc increases 36-fold 12 hrs post-infection.
Further, manipulation of zinc in the media alters bacterial clearance and replication, with zinc de-
pletion inhibiting both processes. Comparing my results to published data on infection of C57BL /6
macrophages revealed notable differences in metal regulation and the global immune response, with
12956 macrophages transitioning from M1 to M2 polarization over the course of infection and
showing signs of recovery. My results suggest that functional Slcllal profoundly affects the tran-
scriptional landscape upon infection. Further, my results indicate that manipulation of zinc at the
host-pathogen interface is more nuanced than that of iron or copper. The 12956 macrophage lever-
ages its intricate means of manipulating zinc availability and distribution to limit the pathogen’s

access to zinc while simultaneously ensuring sufficient zinc to support the immune response.
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Chapter 1

Introduction

Metal ions play an important role in influencing how immune cells such as macrophages re-
spond to infection by pathogens. Because metal ions are both essential to survival, as well toxic
when present is excessive amounts, the host and the pathogen have evolved diverse strategies to
regulate metal acquisition and availability, a concept encompased by the term nutritional immu-
nity. Here, I show that the metal transporter slc1lal plays a critical role in defining the macrophage
response to Salmonella Typhimurium infection. Within these immune competent macrophages, I
demonstrate that infection causes widespread changes in expression of nutritional immunity related
genes, including those that remodel zinc to ensure increased zinc in the cytosol and limited zinc for
the pathogen. Macrophages expressing functional slcl11al have a different profile of metal regulation
and vastly different outcomes compared to immune compromised macrophages, demonstrating sig-
nificantly different nutritional immune responses in immune competent versus immune compromised
macrophages.

[ am most specifically interested in the role of zinc ions (Zn) within infected macrophages, as
Zn’s role in immunity is complex and its nutritional use against Salmonella is not well understood.
As a preface to this I present background on Zn homeostasis in the host, and the methods used in
this work to measure intracellular Zn. I also include an in-depth introduction of iron, copper and
zinc nutritional immunity, since the landscape of gene expression related to these metals is a key
component of my results. I then briefly discuss macrophage polarization in mice, as this topic arose

as a unique aspect of my data and a major factor that differentiates my results from those that



predominate in the field.

1.1 Zinc Homeostasis

Tonic zinc (Zn?T, hereafter referred to as Zn) was initially recognized as an essential micronu-
trient for the fungus Aspergillus niger in 1869 and for rats in 1934, but it was not until 1963 that
the profound effects of Zn deficiency in humans were revealed[1, 2|. Individuals with chronic, severe
Zn deficiency are rare, and exhibit immune dysfunction resulting in a lifespan of about 25 years|1].
However, those with moderate Zn deficiency experience growth retardation, slow wound healing,
mental lethargy and immune dysfunction while even mild deficiency has a measurable effect on im-
mune function, including decreased phagocytosis, decreased IFNg levels and NK cell dysfunction|2].
Mild to moderate Zn deficiency is common in the developing world, and the World Health Organi-
zation (WHO) estimates that more than 2 billion people (almost a third of the world’s population)
falls into this category. Zn deficiency is most prevalent in people with plant-based diets in develop-
ing nations. Cereals and legumes in these diets tend to be minimally processed and therefore retain
a high level of phytate, a potent cation chelator that can dramatically limit the bioavailability of
Zn[3]. However, Zn supplementation can reverse many symptoms of Zn deficiency including immune

dysfunction|[2].

1.1.1 Zinc in mammalian cells

The diverse effects of Zn deficiency are rooted in the variety of roles Zn plays in basic
physiology including cell division[4], fertilization[5], neurological functioning[6, 7], and immune
competence[8]. These myriad roles are a consequence of the fact that Zn is a requisite cofactor
either structurally or catalytically for approximately 10% of eukaryotic proteins and 6% of prokary-
otic proteins|[9]. Zn dependent proteins are primarily enzymes and transcription factors, and in
mammals Zn touches most aspects of cell biology. As a catalytic cofactor zinc can act to correctly
orient a substrate molecule, or function as a Lewis acid, polarizing the substrate so that it binds to

the enzyme more readily[9]. Zinc can also regulate catalytic function by blocking the active site of an



enzyme, as is the case in some serine proteases. Some enzymes, including matrix metalloproteinases,
require zinc binding at two domains, one acting catalytically and the other acting structurally[9, 10].
Zn’s essential role in the cell extends beyond that of a cofactor, as it has oxidative, antioxidative
and second messenger functions.

Zn is intricately involved in the modulation of oxidative stress within cells. Despite its redox
inactivity in biological systems, Zn has both direct and indirect antioxidant properties. Reactive
oxygen species (ROS) are a normal byproduct of cellular respiration which must be neutralized to
avoid cellular damage. Zn is key to this neutralization as an essential cofactor for superoxide dismu-
tase, which converts superoxide radicals to the less toxic hydrogen peroxide. Zn can also diminish
the overall level of radicals by inhibiting the production of superoxide by NADPH oxidase[11].
Finally, if Zn replaces copper (Cu) or iron (Fe) it could prevent the Fenton reaction, which pro-
duces OH radicals, from occurring[12]|. Zn binds vulnerable sulthydryl groups within proteins and
lipids in the plasma membrane[13], affording them protection against oxidation. Additionally, in-
creased cytosolic Zn activates metal regulatory transcription factor (Mtfl), inducing the production
of metallothionein (Mt) proteins, which themselves are potent antioxidants. Mts effectively scav-
enge radical species and heavy metals. Thus, there are a variety of ways in which Zn can act to
protect cells from oxidative stress.

While the above examples demonstrate that Zn can protect against oxidative stress, altered
Zn levels, either too low or high, can also exacerbate oxidative stress. Zn deficiency negates the
above antioxidant functions and causes the dysfunction of Zn dependent proteins. These include
metalloenzymes that are essential for mitochondrial maturation, as well as resident ER chaperones
calnexin and calreticulin, and the GPI-PET transferases|14|. Improper folding contributes to a
buildup of misfolded proteins in the ER, which induces the unfolded protein response (UPR). The
UPR can impair redox homeostasis and induce oxidative stress|15, 16|. Excess zinc also interferes
with glycolysis, by inhibiting the enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH)[17],
as well as cellular respiration by disrupting the a-ketoglutarate dehydrogenase (KGDHG) in complex

1 of the electron transport chain|11, 18]. Both of these effects lead to decreased ATP production



and increased mitochondrial stress and ROS production|19].

1.1.2 Intracellular Zinc regulation

Given the serious consequences of Zn dysregulation, it is unsurprising that Zn homeostasis is
tightly controlled. Mammalian cells contain 0.1-0.5 mM total Zn|[14, 20] but much of this is bound
to proteins, enzymes and other ligands with high affinity and is therefore unavailable for biological
processes|21, 22]. The labile (or exchangeable) Zn pool, as measured by fluorescent sensors, is
typically in the hundreds of picomolar range in the cytosol[23, 24, 25]. This labile pool is regulated
both by buffering proteins, which can bind or release Zn based on the redox environment, and
by transporters that regulate Zn’s localization within intracellular compartments. While accurate
measurement of Zn within organelles can be challenging, there are solid data indicating that Zn
levels differ across organelles, as well as between cell types. Mitochondria maintain labile Zn levels
at less than 1 pM in the matrix[26]| but closer to 100 pM in the cytosol and between membranes|27].
While there were initially conflicting reports about whether Zn levels in the ER were higher than|28]
or lower than|25] the cytosol, optimization of calibration conditions conclusively demonstrated that
the Zn concentration in the ER is less than that in the cytosol[29]. Additionally, relative changes
in Zn within lysosomes and secretory vesicles have been successfully measured|[30, 31].

This tight regulation of Zn is modified within certain cell types, allowing for dynamic Zn fluc-
tuations that have signaling characteristics. Secretory cells in particular maintain Zn rich granules
from which Zn is co-released with vesicular cargo, allowing Zn transients to engage in paracrine or
autocrine signaling[31]. For example, glutaminergic neurons use vesicular stores of Zn as neurotrans-
mitters, and mouse hippocampal neurons exhibit Zn transients when stimulated with glutamate|7].
Pancreatic beta cells also release Zn in concert with insulin|31], while mast cells secrete Zn during
caspase degranulation|32]. Oocytes also release thousands of Zn filled vesicles upon fertilization, cre-
ating a Zn ‘spark’ that hardens the zona pellucida, preventing multiple sperm from entering|5, 33|.
Additionally, localized Zn transients are induced within all cells when Zn is bound or released from

metallothionein (Mt) buffering proteins. Zn release can be induced by reactive oxygen or nitrogen



species as well as changes in pH and can serve a variety of purposes[34|. These include inducing
transcription via Mtfl, participating in negative feedback by inhibiting nitric oxide synthase, or sup-
pressing the activity of protein tyrosine phosphatases[35]. Thus, while labile Zn is in short supply,

Zn dynamics have profound intracellular and extracellular effects.

1.1.3 Zinc Transport

Zn’s roles in protein structure and function, transcription, cellular homeostasis, and signaling
requires regulation of cellular Zn uptake and export, as well as its intracellular localization. These
processes are coordinated by twenty-four Zn transporters. In mammals, Sle30al-10 (also referred
to as zinc transporters or ZnTs) transport zinc out of the cytosol either into the extracellular space
or lumen of subcellular compartments. This is balanced by Slc39al-14 (also referred to as Zrt- and
Irt-like proteins or Zips), which transport Zn, as well as iron (Fe) and manganese (Mn), into the
cytosol. See Figure 1.1.

While there are no crystal structures of mammalian Zn transporters, there is consensus on
the general features of these proteins. Models are based on predicted topology, homology, and
hydrophobicity plots, as well as lipidic cubic phase crystallography of bacterial transporters|36]
including YiiP, an E. coli ZnT homolog and BbZip, a bacterial Zip homolog. Phylogenetic trees based
on protein sequence homology show that both Zips and ZnTs are highly conserved among mammals,
and proteins within each category cluster based on sequence and functional similarities|37].

Structurally ZnTs are likely to have 6 trans membrane domains, which form helical bundles,
and tetramer transmembrane Zn binding sites containing conserved histidine and aspartic acid
residues[37]. The YiiP homolog functions as a homodimer with monomers bound by salt bridges
to maintain the correct conformation, and these structural features are predicted to be conserved
in mammalian ZnTs. While ZnTs have cytosolic termini, YiiP also has a cytosolic C terminus Zn
binding domain, though this may not be conserved|38|.

All Zips and ZnTs can act as secondary active transporters, requiring energy in the form of

an electrochemical potential to facilitate Zn transport. YiiP transports protons into the cytosol as



Slc39a1-6, 8,
Slc30a1, 10 9,10,12, 14

Slc11a2 m /p
5\ N

Labile [Zn?*] ~ 100 pM

e Slc30a4
SIc3929.13 (|| @

Trans e Phagosome/SCV
@' Vesicle @ N ‘\
LI
Slc30a4, 5,6, 7 Sle30a2, 4 A slc11a1
Slc30a5, 6, 7
Slc39a8
e — Slc30a8 %
= y . Endo/
A . SO, Lysosome
‘O ; Mt1/2

Slc39a7

Figure 1.1: Zinc Transporter Localization. Zinc transporters localize to one or more cellular
membranes, where they move Zn into (Zip/Slc39a) or out of (ZnT/Slc30a) the cytosol. While
this is how they are defined, it is increasingly obvious that these transporters can have regulatory
functions for the organelles they populate, including maintaining ER homeostasis and modulating
cellular Zn export via the Golgi. Zip/ZnT regulation is not fully understood, though in humans all
24 appear capable of being regulated via phosphorylation, and some plasma membrane transporters
are known to be regulated by endocytosis. Zips/Znts are fairly conserved and therefore presumed
to be structurally similar to their bacterial homologs, for which there are a few crystal structures.
Data suggest that, like their homologs, Zips have 8 transmembrane domains while ZnTs have 6,
with most species functioning as homodimers. As secondary active transporters, Zip/ZnTs employ
an alternating access mechanism to harness electrochemical energy from moving a non-Zn particle
down its gradient. Figure created using Biorender.



the driving force for cytosolic Zn export via an alternating access mechanism|[39]. This means that
the transporter cycles between conformations that are ‘open’ to the inward facing cytosolic and
then the outward facing periplasmic sides of the membrane, alternating the transport of protons
and Zn. ZnTs are predicted to follow the same general structural and functional plan, and the
alternating access transport of protons is especially suited to ZnT2-4,8 as they localize to acidic
compartments, allowing the protons to move down their concentration gradient. Zips are predicted
to have 8 transmembrane domains which form intramembranous binuclear metal centers, and to
function as homodimers with extracellular termini[37]. The BbZip homolog is hypothesized to
transport Zn by an electrodiffusional channel, where transported ions diffuse down their electrical
and concentration gradients[40]. Though the transport mechanism of Zips has not been clarified,
symport with bicarbonate ions has been suggested but not confirmed[41].

The residues along the intramembranous Zn binding sites provide metal specificity in Zips and
ZnTs, and while many appear Zn specific, others have the capacity to transport multiple metals.
Zn'T'10 is the only Zn exporter known to have residues allowing it to transport Mn as well as Zn.
However, ZnT9 functions as a nuclear estrogen receptor and may lack Zn transporting function[37],
while ZnT'6 has hydrophobic amino acids in what should be its Zn binding channel, abolishing its
transport capacity[42]. Instead Zn'T6 functions as a secondary protomer in heterodimers with ZnT5.
Zn importers Zip8 and Zipl4 are capable of transporting Fe and Mn in addition to Zn, while Zip9 is
a high affinity androgen receptor in addition to its Zn transport capacity, allowing for cooperative
steroid and Zn signaling pathways.

Regulation of Zn transporters has not been fully clarified, though in humans all 24 transporters
are predicted to be capable of regulation via phosphorylation[43]. Additionally, cell membrane Zip
transporters are predicted to include cytosolic Zn sensing domains that induce endocytosis of the
transporter in the presence of excess Zn, a condition that also induces ZnT'1 transcription via MTF1.
During Zn deficiency the extracellular domains of some Zips, including Zip4, are cleaved, which
may influence transporter function or localization|44]. However, the mechanism for this process is

unknown. ZnT regulation is less well studied, though data from pancreatic cells suggests that Zn'T'8



functions may be highly tunable based on the lipid composition of the membrane it resides in[45].
Additionally, many Zn transporters can localize to multiple membranes, and transfer between sites
is likely a form of transporter regulation.

The 3 phylogenetic groups of ZnT proteins are based on sequence similarity and differ in
localization|37]. ZnT1/10 are on the plasma membrane (PM), though in human macrophages ZnT1
has been found localized to the phagosome and actively increasing Zn stress on engulfed E. coli[46].
Zn'T2-4 are all on intracellular secretory vesicles and are frequently specific to different professional
secretory cells, while only Zn'T4 is also found on endosomes, lysosomes and trans Golgi membranes.
Zn'T'5-7 localize to the ER and Golgi, and are fundamental to the early secretory pathway. Not only
do they control the Zn supply to nascent proteins and resident chaperones, the lumenal domains of
Zn'Th and 7 activate various ectoenzymes, including alkaline phosphatases.

The Zip proteins have 4 phylogenetic subfamilies, and clustering correlates with differing
Zn coordination|37]. Zipl-3 homologs are tissue specific and contain hydrophobic residues which
indicate a lack of binuclear metal centers, implying a different Zn coordination structure than that
of other Zips|47]. Zipll is its own family and is likely ancient, as it has an archaeal homolog.
It, too, requires alternative Zn coordination, as it almost completely lacks cystine and histidine
residues. Zip9 also has its own category, acting as both a Zn transporter and high affinity androgen
receptor that induces cell signaling|[48]. The remaining Zips engage in the conserved tetramer Zn
coordination, as well as possessing a possible metalloprotease motif. Additionally, Zip8 and 14 can
transport Fe and Mn in addition to Zn, likely because of glutamic acid in place of histidine in the
metal binding domain. Zip7 and 13 may have altered metal specificity and their localization to the
ER and Golgi gives them a role in Zn signaling and the homeostatic maintenance of the secretory
pathway. Additionally, Zip7 upregulated by the unfolded protein response (UPR), and like ZnT5

and 7, its loss is disruptive to the ER.



1.1.4 Zinc Buffering

Zn buffering in cells is maintained by metallothioneins (Mt), small cytosolic proteins with
multiple cysteine residues which coordinate and bind up to 7 Zn ions. Studies done on human Mt
and Zn2+ in solution indicate that the first four Zn ions bind to Mt with dissociation constants
in the picomolar range, while the fifth, sixth and seventh Zn ions bind with increasing KD values
in the nanomolar range[49]. Together, these binding sites have dissociation constants that span 4
orders of magnitude, which allows for finely tuned Zn buffering, and is consistent with findings that
labile Zn concentrations in cells are in the hundreds of picomolar|[24]. In humans, there are 4 Mts,
and Mt1 has 9 subtypes. Mice have Mt1-4, with Mt1 and 2 ubiquitously expressed, Mt3 expressed
primarily in the brain, and Mt4 found in stratified epithelia[50, 51].

Zn buffering studies have introduced the concept of ‘zincosomes’|52, 53], defined as small
vesicles possessing both Zn import and export capacity that store Zn with the potential for release
of the vesicular Zn pool into the cytosol. It has been suggested that zincosomes could function as a
Zn buffering pool with a faster reaction time than the synthesis or degradation of Mt proteins|53].
Data collected from Saccharomyces cerevisiae, using the small molecule Zn probe Zinquin as well as
zinc-selenium autometallography, suggests the existence of zincosomes distinct from the yeast vac-
uole, and capable of buffering Zn even in the absence of endocytosis. These zincosomes accumulate
Zn when it is supplied in excess and appear capable of its subsequent release under some low Zn
conditions[52], but a mechanism for release was not suggested. Additionally, putative zincosomes
have been isolated from RAW264.7 cells and subjected to X-ray absorption spectroscopy to study
the Zn ligand environment within these compartments. Zn appeared to be complexed with sulfur,
nitrogen and oxygen, which may differ from Zn binding in other cellular compartments|[53]. How-
ever, the potential for Zn release from these vesicles was not studied, nor were differences between
zincosomes and secretory vesicles. Thus far, cohesive evidence for these Zn vesicles seems lacking,

while Mt proteins appear to be sufficient for Zn buffering[34].
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1.1.5 Zinc Responsive Transcription

While Mts do not have the storage capacity of metal buffering proteins like ferritin, which can
store 4500 Fe ions, they do appear to be the primary storage and buffering protein for Zn. This is due
in part to the ubiquitous metal-dependent transcription factor (Mtf1), which is sensitive to rising
Zn levels in the cytosol. Upon binding excess Zn, Mtfl translocates to the nucleus and upregulates
the expression of Mt genes, the translation of which lowers cytosolic Zn levels. This response is
robust enough to protect cells from fluctuations in environmental Zn[54]. Consequently, increased
Mt mRNA expression is often used as a proxy for increased cytosolic Zn concentrations. However,
it should be noted that other transcription factors can act on Mt genes, including activation by
Fos and Fra-1 and suppression by Pz120[55]. In addition to Zn, Mtfl is also responsive to heavy
metals, hypoxia, and oxidative stress[56]. Under these conditions, increasing the expression of
Mts can lead to scavenging of heavy metal and ROS. Additionally, Mtfl can induce expression
of other target proteins including the putative antioxidant Sepwl and cadmium response protein
Csrpl[57|. Zn related targets of Mtfl include upregulation of Mt genes and the plasma membrane
Zn exporter Slc30al[58], and downregulation of Slc39al0[57]. A knockdown study conducted to
identify additional Zn related Mtfl target genes showed that knockdown of Mtfl decreased the
zinc-induced transcriptional response of only some zinc responsive genes, while other genes became
newly responsive to changes in Zn under knockdown of Mtf1[58]. This led to the hypothesis that
Mtfl is at the top of a hierarchy of Zn gene responses, but the other regulators remain to be
determined.

Currently there are no known mammalian proteins that are responsive to low Zn conditions.
However, in C. elegans low zinc activation (LZA) motifs have been identified in the promoter region
of multiple Zn responsive genes[59|. Expression of slc39a (Zip) cytosolic Zn importer genes in
HEK293T cells was also studied under low Zn conditions, and putative LZA motifs were identified
in the promoter regions of Slc39a2 and Sle39al3. Additionally, reporter plasmids with promoter

regions containing the C. elegans LZA were also responsive to low Zn conditions in HEK293T cells.
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These data suggest conserved transcription functionality[59]. The transcription factor ELT-2 binds

to the C. elegans LZA, but mammalian transcription factor involvement is still unclear.

1.2 Measuring zinc in cells

Total zinc within mammalian cells can be measured by a variety of elemental analysis tech-
niques, including laser ablation inductively coupled plasma mass spectrometry and X-ray absorption
spectroscopy|60], and tends to be in the micromolar range|61]. However, much of this zinc is bound
to proteins, rendering it unavailable for kinetically favorable ligand exchange. Zinc that is loosely
bound to proteins or small molecules, and therefore readily exchangeable, is termed the labile zinc
pool and is available for metabolic or signaling processes. Measurement of this labile zinc pool and
its fluctuations during infection are most relevant to my work, and this is achieved via fluorescent
sensors which are broadly split into genetically encoded protein sensors and small molecule sensors.

Fluorescent sensors counsist of at least one fluorophore attached to a Zn binding domain. This
domain must be able to alter the fluorescent output of the fluorophore, typically by changing its
physical or electronic configuration[61]. Zn sensors are most effective in compartments where the
7Zn levels are expected to be near the apparent dissociation constant of the sensor, that is, the
concentration at which it is half saturated. An appropriate sensor should also have the highest
dynamic range achievable in the conditions being measured. Dynamic range refers to the difference
in fluorescence between unbound and saturated states, and a larger range affords better accuracy

and sensitivity to changes in Zn levels.

1.2.1 Genetically encoded sensors

Genetically encoded sensors typically consist of one or two fluorescent proteins (FP) tethered
to a naturally occurring Zn binding domain which tunes the fluorescent output of the FPs. One
major advantage to this type of sensor is that their expression levels within cells are regulated
by promoter regions, and they can be targeted to various subcellular compartments via genetic

localization domains. Additionally, they can be tethered to domains from membrane or lumenal
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proteins with desired localization, allowing for targeting to specific compartments[31]. Unfortu-
nately, targeting of genetically encoded sensors is not always straightforward. FPs can be quenched
by protonation in acidic compartments, and cysteine residues can be oxidized to disulfide bonds
in oxidizing environments like the ER[29]. Additionally, genetically encoded sensors are relatively
large, and may mis-localize, even when tethered to a protein or a localization signal. However,
these sensors will not passively enter subcellular compartments, making them ideal for cytosolic Zn
measurements.

Single FP sensors are constructed as a circularly permuted FP with metal binding domains
on the N and C termini. Metal binding changes the environment of the FP such that fluorescent
output is measurably altered. Measurements from single FP sensors are necessarily intensiometric,
which can be useful when calculations of [Zn| are not necessary. Additionally, the single FP sensors
GZnP1[62] and GZnP2|27] have dynamic ranges equal to or greater than that of dual FP sensors
with the same Zn domains, which is maintained within mitochondria. However, data from single
FP sensors can be confounded by non-Zn related changes in the cell, such as pH, which can alter
the fluorescent output.

Dual FP sensors are frequently based on fluorescence resonance energy transfer (FRET) be-
tween the FPs, and the ratiometric measurements from these sensors can be used to make quanti-
tative [Zn| measurements. Additionally, they are more robust in the face of confounding variables
like pH, as both FPs will be affected to similar degrees, allowing the ratio between them to remain
relatively constant. These sensors do suffer from lower dynamic range than single FP sensors, and
this is compounded within subcellular compartments. However, with rigorous optimization and
calibration, high quality and replicable FRET data has been gathered within mitochondria, Golgi
and the ER using ZapCY based sensors [25, 29].

The Palmer lab has developed multiple Zn FRET sensors in the Zap family, which revolves
around 2 Zn finger domains from the S. cerevisiae transcription factor Zapl|63]. These Zn fingers
serve as the Zn binding domain that tethers together the sensor’s pair of FPs, and when bound with

Zn this domain undergoes a conformational change that pulls the FPs into the correct proximity
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and alignment for FRET to occur. The Zap2 binding domain was developed by mutating one Cys
to a His in each Zn finger, which altered its affinity for Zn. In the lab’s best cytosolic Zn sensor,
ZapCV2, the Zap?2 linker tethers an enhanced Cyan Fluorescent Protein (CFP) donor to a circularly
permuted Venus FP as the acceptor. ZapCV2 has a KD = 2.3 nM in HEPES buffer, and a robust
dynamic range of 2.1|64]. While this sensor’s Kd is well above the average cytosolic [Zn], it is used
in the current work because increases in [Zn| during infection are unlikely to saturate the sensor,

allowing us to collect accurate data.

1.2.2 Small molecule sensors

Small molecule sensors generally combine an organic fluorophore and an electron rich Zn
chelating group[61]. The fluorophore is quenched in the unbound state, and quenching is disrupted
with Zn binding. While these sensors are intensiometric, they generally have high fluorescent turn-on
and very low background fluorescence, yielding high dynamic ranges. These probes have been suc-
cessfully used to study Zn dynamics, Zn transport, and Zn dyshomeostasis in cancer cells. However,
their concentration and localization within cells are not readily controlled or measured. Addition-
ally, instead of being quenched by pH, many of these sensors experience fluorescence turn-on in low
pH compartments, which is a confounding factor. Changes in charge can also alter their membrane
permeability, causing them to become trapped within intracellular compartments, though this can
be leveraged for specific targeting.

FluoZin-3, a frequently used small molecule Zn sensor, has been rigorously tested in multiple
cell types|24]. It was found to have varied localization and aggregation depending on cell type. For
example, likely dye aggregates were seen in the Golgi of HeLa cells, but the dye partially colocalizes
with Vamp?2 in neurons. When used to observe [Zn2+|, the percent saturation of FluoZin-3 varied
from 15-41% across a HeLa cell population. Additionally, the percent saturation decreased as |dye|
levels increased, which indicates that the sensor is depleting the Zn pool in the system it is being
used to measure[24]. Despite its drawbacks, much of the nutritional immunity literature relies on

it or sensors like it to observe Zn during infection.
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Another small molecule sensor of particular note is SpiroZin-2, which is unperturbed by pH
from pH 3-7, has a strong dynamic range, and which readily reports Zn levels in lysosomes|30, 65].
This could prove valuable in the measurement of Zn in the Salmonella containing vacuole (SCV),
as the bacteria allow partial fusion between the SCV and lysosomes in order to both acidify the

compartment and obtain nutrients and molecular building blocks[66].

1.3 Nutritional immunity

In intracellular nutritional immunity the localization of metal ions is manipulated to limit
the viability of engulfed pathogens, but this is now handled with metal specific mechanisms.
Macrophages sequester many pathogens in a phagosomal compartment which helps the cell to

direct its killing mechanisms, including nutritional immunity effectors.

1.3.1 Extracellular nutritional immunity

Transition metal ions, including iron (Fe), copper (Cu), zinc (Zn) and manganese (Mn), are
essential protein cofactors for all kingdoms of life. However, all but zinc are redox active and all are
toxic at high concentrations. To sustain growth and maintain pathogenicity, infectious organisms
must acquire these essential micronutrients from within their hosts, while hosts exploit both the
toxicity and necessity of these ions to suppress infection. This is the essence of nutritional immunity,
and it occurs on an organismal and cellular level, with both hosts and pathogens having evolved
varied mechanisms to outmaneuver one another.

Systemically organisms engage in metal sequestration upon infection, evident as a sharp
decrease of free metal ions in serum|[67], which is at least partially mediated by high expression
of Mt proteins in the liver|68]. This sequestration is essential, as unfettered access can allow for
exponential growth of an invasive microbe population[69]. The necessity for effective sequestration
has been demonstrated for multiple metals. For example, when iron replete children are given
iron supplementation, sequestration is taxed during infection, resulting in increased morbidity and

mortality[70, 71]. Excess Zn in a mouse model induced disruption of the gut microbiome in response
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to antibiotics, which allowed infection by the zinc tolerant pathogen Clostridium difficile[72]. Once
C. difficile had colonized the gut excess zinc was again deleterious, as it promoted virulence and
systemic infection though unknown mechanisms|72|. Additionally, excess dietary Mn in a mouse
model enhanced the bacterial load and virulence of cardiac Staphylococcus aureus infection|73| since
Mn is a cofactor for virulence factors as well as superoxide dismutase enzymes, which neutralize
reactive oxygen species. These studies exhibit the repercussions of overwhelming a host’s metal

sequestration capacity.

1.3.2 Fe Starvation

A key player in Fe based nutritional immunity is the metal transporter Slcllal, or Nrampl,
the natural resistance-associated macrophage protein. Slcllal serves to starve the pathogen, and
when this gene is knocked out of mouse strains it renders them immune compromised|74]. When
this protein is intact it localizes to the phagosome during infection and engages in proton coupled
metal transport, acidifying the compartment while removing Mn, Mg, Cu, Zn, and Fe divalent
cations from the pathogen’s immediate vicinity[75, 76, 77]. Additionally, in C57BL/6 mice infected
with Salmonella Typhimurium, the macrophage Fe exporter ferroportin (Slc40al) is upregulated in
an NO dependent manner, further reducing the Fe availability within the macrophage|78|.

Pathogens employ multiple methods to acquire Fe within a host, most of which occur in the
bloodstream. These include high affinity uptake transporters for free Fe, extraction of Fe from
heme, and expressing receptors for the mammalian Fe transporter transferrin, from which they can
strip the Fe[69, 79]. Pathogens also express siderophores, molecules with an Fe affinity capable of
stripping the ion from host proteins like transferrin|75, 79]. Complex energy dependent siderophore-
Fe uptake systems are in place in Gram negative bacteria, attesting to the resources expended to
acquire Fe[69]. While host proteins cannot compete with siderophores directly for Fe, siderocalin
is a host expressed protein that binds siderophores, preventing their uptake by bacteria|79|. This
evolutionary tug-of-war has multiple layers, including the production of siderophores that resist

binding by siderocalin, as in Bacillus anthracis[80].
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1.3.3 Cu Toxicity

Copper ions (Cu) are directly bactericidal and are imported into the cell via Slc31al (Ctrl) and
into the phagosome via the ATPase Atp7a transporters[81]. In mouse tissues Sle31al has also been
found localized to intracellular compartments, and may serve a roll in releasing Cu from intracellular
stores[82]. Oxygen or nitrogen-based radicals are directed into the phagosome at early and late
stages of infection, respectively. When Cu is released into the lumen with these factors it potentiates
redox cycling of the radicals, depleting bacterial antioxidants. Alone, excess Cu mismetallates Fe
containing proteins, including Fe-S clusters used in bacterial metabolism, effectively crippling the
bacteria|82, 83, 84].

Many studies have been conducted to describe the variety of efflux transporters used by
pathogens to protect against cytosolic Cu poisoning[84|, which do not necessarily have redundant
functions. For example, Salmonella Typhimurium tolerates the double knockout of copA /golT Cu
efflux transporter genes in one mouse study|[81] with no obvious decrease in Salmonella burden in
the liver or spleen. However, in a second mouse study Salmonella did not exhibit a reduced bacterial
load until deprived of the cueO gene[85]. Additional transporters are encoded to specifically protect
the bacterial periplasm from Cu overload, including the cus operon in E. coli. Pathogens express
other categories of protective proteins as well. These include detoxification enzymes like Cu oxidases
(coproporphyrinogen(III) oxidase in N. gonorrhoeae), which cycle Cu(I) to the less toxic Cu(II), and
chelators like bacterial metallothioneins (MymT in mycobacterium[68]) which bind Cu as well as

Zn.

1.3.4 Zn Manipulation

As with other metals, Zn is sequestered extracellularly during infection, which includes uptake
by liver cells as well as the production of calprotectin, a calcium and Zn chelator, by neutrophils.
Calprotectin is present in pathogen traps created by neutrophil degranulation and is secreted by

neutrophils into the gut upon infection. That said, the role of Zn in nutritional immunity within
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macrophages is more nuanced than that of Fe or Cu, as it can be used either to poison or starve a
pathogen[69]. This seems to depend largely on the pathogen encountered.

While Zn is not redox active, it is still toxic in excess. This is because in the Irving-Williams
series zinc’s avidity as a ligand is second only to copper[86]. Therefore, excess zinc can displace
iron and manganese ions bound to proteins, causing protein mismetallation and loss of function|87].
When used against internalized S. pneumoniae, Zn competitively inhibits Mn by binding irreversibly
to Mn uptake transporter PsaA, effectively starving the pathogen of Mn. In S. pyogenes glycolytic
enzymes, including phosphofructokinase, are inhibited by Zn [69, 68|, forcing the bacterium to
modify its metabolism. Zn exporters have also proven to be necessary for full virulence by both
of these pathogens. M. tb within human macrophages also experiences Zn toxicity, requiring the
upregulation of heavy metal eflux ATPase transporters for virulence. Treatment with FluoZin3
suggested a buildup of Zn in the M. tb phagosome[88]. Studies of E. coli within human and mouse
macrophages suggest that the bacterium is capable of Zn detoxification as well as evasion of Zn
containing compartments. Slc30al, which typically localizes to the plasma membrane, increases
Zn stress by relocalizing to the phagosome during E. coli infection[89, 46]. Additionally, H. pylori
expresses 3 Zn efflux ATP transporter systems, and loss of any of them decreases its viability
within macrophages[90]. Conversely, challenge with Histoplasma capsulatum induces macrophages
to sequester Zn and increase ROS production to counter the infection[91].

Zn starvation appears to be less prevalent within macrophages, though it appears to be an
effective strategy against the fungal pathogen H. capsulatum. This fungus expresses several Zn
uptake transporters, and its virulence is decreased within mice when these transporters are knocked
out|92]. Extracellularly, it has been suggested that some siderophores are promiscuous in their
metal binding, allowing them to function as 'zincophores’|93] for bacteria. Interestingly this is not
necessary for some pathogens including Salmonelle Typhimurium, which thrives in Zn deficient
conditions extracellularly.

These processes are shown in Figure 1.2.
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Figure 1.2: Basic Intra- and Extracellular Nutritional Immunity Mechanisms. Nutritional
immunity is an innate immune function in which the host exploits both the necessity and toxicity of
metal cation nutrients (Fe, Zn, Mn, Cu, Mg) to reduce pathogen load. The evolution of these tactics
has given rise to the evolution of counter-measures in pathogens, resulting in a nutrient tug-of-war
during infection. For example, hosts use chelators like calprotectin and transferrin to sequester
metal ions, but pathogens developed high affinity siderophores to scavenge metals away from host
proteins. In the case of iron, hosts have developed siderophore binding molecules, to prevent their
delivery of Fe to the pathogen. Intracellularly pathogens are frequently contained in phagosomal
vacuoles, an environment that host and pathogen attempt to control. Pathogens are starved of Fe
and Mn, but overloaded with toxic Cu. Zn can be used to starve or poison a pathogen. Despite its
lack of redox activity, Zn readily mismetallates proteins, disrupting their function. Figure created
with Biorender.
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1.4 Innate immune functions in macrophages

Macrophages are white blood cells involved in innate immunity and are referred to as ‘pro-
fessional phagocytes’, as one of their primary functions is to engulf and digest pathogens as well as
cellular debris and other ‘non-self’ particles. Most macrophages are released from the bone marrow
as monocytes, which are incompletely differentiated and circulate in the bloodstream. In response
to chemoattractant signals indicating tissue damage or infection, monocytes adhere to blood vessel
walls and enter the affected tissue via extravasation. Here they differentiate to ameboid macrophages
and follow chemotactic gradients to the site at which they are needed. These gradients can con-
sist of cytokines, pathogens, or cellular debris, among others. These signals and others from the
macrophages’ cellular milieu direct changes in gene expression and subsequent phenotype, which
is referred to as macrophage activation or polarization. Once activated, macrophages can secrete
dozens of pro- and anti-inflammatory mediators, thus playing a role in inflammation, the immune
response, and tissue homeostasis|15].

Macrophages also possess more diverse functions beyond phagocytosis of pathogens. For ex-
ample, macrophages play a role in antigen presentation and induction of adaptive immunity[94].
However, these functions are beyond the scope of this work and won’t be discussed further. Ad-
ditionally, some macrophages are found as tissue residents, which can be specifically adapted to
that tissue, as in the cases of brain glia and epidermal Langerhan cells. However, tissue resident
macrophages frequently demonstrate self-renewal independent of the bone marrow|[95], indicating
a stem-like quality not seen in bone marrow derived macrophages|[96]. Additionally, fate mapping
indicates that many tissue macrophages have their origins in the fetal liver, and are seeded into
tissues before birth|96]. While these cells are fascinating, they are not discussed further in this

work.
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1.4.1 Polarization

Although monocyte-derived macrophages are differentiated cells, their gene expression and
metabolism remain plastic and are readily altered based on the tissue environment infiltrated and the
immune-related signals received|15]. For example, a site of infection will likely require macrophages
to contend with hypoxia and altered nutrient availability while maintaining the high energy produc-
tion required for phagocytosis and cytokine production[15]. Alternatively, if this state is maintained
after the infection is cleared the macrophage would be a liability to the host, inducing damaging
inflammation and possibly contributing to auto-immune responses. To allow for plasticity, activated
macrophages can exhibit a continuum of phenotypes, from pro-inflammatory and cytotoxic (termed
M1 polarization) to anti-inflammatory and wound healing (M2 polarization). In wvitro these two
extremes are frequently induced by the introduction of a few activating proteins. Examples include
lipopolysaccharide (LPS) and Ifng used separately or together to induce M1 activation, and Il-4
used to induce M2 activation. However, in vivo these states are more fluid, and activation can be
heterogeneous across a population based on the multiple and conflicting polarizing factors typically
present in a given environment|[15, 97, 98]. Additionally, multiple M2 phenotypes are recognized
as being induced by different pro- and anti-inflammatory factors, both endogenously and exoge-
nously. Because of this, referring to a population of macrophages as simply M1 or M2 can be
confounding, making comparisons between studies difficult. To help define experimental standards
Murray et al|99] have proposed nomenclature conventions for specifying the protein species used for
macrophage activation, for example (IL10)M2 or (LPS)MI.

Polarized macrophages have distinct metabolic requirements. M1 macrophages use glycolysis
for their acute energy needs and bypass steps in the Krebs cycle, diverting intermediates to pro-
duce antimicrobial species (itaconic acid) or NO enhancing species (malate, citrate)[100, 101, 102].
Citrate also contributes to the activation of Hypoxia-inducing factor 1-alpha (Hifla) genes and a
pro-inflammatory cascade involving IL-1b[101]. In fact, hypoxia promotes glycolytic over oxida-

tive metabolism, which in turn maintains M1 polarization[15]. In contrast, M2 macrophages rely
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on fatty acid metabolism and the use of an intact Krebs cycle, which can be sustained for longer
periods|15, 103, 104]. This is consistent with the less acute functions of M2 macrophages, includ-
ing angiogenesis and extracellular matrix remodeling. Metabolic adaptation is therefore key to

macrophage polarization (see Figure 1.3).
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Figure 1.3: Mouse Macrophage Polarization. Macrophages are activated by polarizing signals in
their surroundings, which can include cellular debris, pathogens, and cytokines. In vivo these signals
can be complex and conflicting, resulting in macrophages with mixed pro- and anti-inflammatory
phenotypes. However, in vitro polarization can be induced with specific factors, resulting in 4 fairly
discrete phenotypes, as seen above. Polarized phenotypes can be flexible, and somewhat responsive
to changes in their surroundings, though M1 cells are often refractory to M2 signals. Importantly,
metabolism is a major factor in polarization. M1 cells have high energy demands and can be
hypoxic, and therefore use glycolysis for energy production and interrupt the Krebs cycle, removing
intermediates for antimicrobial functions. M2 cells instead upregulate fatty acid metabolism and
oxidative phosphorylation for their less acute energy needs. In mice the metabolism of L-arginine is
a delineating factor between M1 and M2 states, though this is not the case in human macrophages.
Mouse M1 cells use Nos2 to make the toxic radical NO from L-arginine while M2 cells use Argl
to produce polyamines for tissue repair from L-arginine. Human macrophages produce little to no
Nos2 or Argl enzymes. Figure created with Biorender.
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1.4.2 Immune competent mouse model

Critical comparison of Zn at the host-pathogen interface may be confounded by the differ-
ences in the macrophage models used across studies. Both Balb/c and C57BL/6 mice lack a func-
tional Slcllal (Nramp-1), a phagosomal transporter for magnesium (Mg), Fe, Mn, and Zn[105].
Macrophages from these mice are more susceptible to infection and have reduced capacity to clear
intracellular pathogens|[106]. RAW264.7 cells, a popular mouse macrophage cell line used to study
intracellular pathogens, are derived from C57BL/6 mice and therefore equally impaired. The lack
of functional Slcllal compromises the host response to infection with respect to metal regulation,
making it difficult to define the nutritional immunity landscape in an immune competent model
system. To address this limitation, the current work uses macrophages from 12956 /SvEvTac mice
which express functional Slcllal. In vivo systemic Salmonella infection of these mice demonstrate
their immune competence, as these mice experience enlarged lymph nodes and spleens but otherwise

remained asymptomatic[106].

1.5 Overall project description

1.5.1 Research questions

How does the transcriptional program of immune competent macrophages change
upon infection with Salmonella, and what are the impacts of bacterial status (alive
versus heat killed) and time?

Given the lack of consensus in the literature regarding intra-macrophage zinc-based nutritional
immunity against Salmonella, 1 chose to investigate the mRNA expression changes induced by
Salmonella infection. Further, I wanted to explore how the transcriptional landscape is altered when
the Salmonella are heat-killed, and unable to modify macrophage responses via protein expression
changes. While lipopolysaccharide (LPS) treatment is the most common negative control used in
Salmonella experiments, I felt that it was not sufficient for my purposes, as expression differences

between live and heat-killed Salmonella exposure were likely to be subtle. LPS is a major component
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of the Salmonella protein coat and it binds the toll like receptor 4 (Tlr4) in the host-cell to activate
an immune response. But, LPS is not the only Salmonella antigen to effect an immune response.
Flagellin proteins and peptidoglycans[107]| are adjuvants, bound by macrophage Tlr5 and Tlr2,
respectively[107]. Interestingly, flagellin are down-regulated by live Salmonella during infection,
which somewhat attenuates the immune response[108]. While the activation pathways downstream
of Tlr2/4/5 have redundancies, I felt it was important to have all of these factors present in my
heat-killed condition. Use of heat-killed bacteria also allows direct comparison of RNAseq data with
infection imaging data, which would use fluorescently-tagged heat-killed Salmonella. Additionally,
macrophages demonstrate an early acute phase and late phases of infection, much of which is based
on transcriptional alterations. Because of this I investigated the interaction of this variable with
that of Salmonella status by collecting RNA at two time points, 2 Hrs and 18 Hrs, post infection.

Are there defined patterns of changes in transcription of metal regulatory genes
across time or in response to live vs heat killed Salmonella? What does this imply
about nutritional immunity and other immune functions?

As noted previously, 12956 macrophages are immune competent because of the metal trans-
porter Slcllal, which localizes to the phagosome during infection. I chose these macrophages as
my model system to evaluate if there was evidence of differential metal handling during Salmonella
exposure, either across time or between live and heat-killed Salmonella exposure, based on changes
in metal regulatory genes. Additionally I investigated differences between my RNASeq data and al-
ready published data collected under similar conditions in immune compromised mouse macrophages|109].
Primarily, 1 asked if my cells showed the same metal handling and polarization at 18 Hrs as was
demonstrated in the compromised macrophages. My secondary question asked if the upregulated
genes in these two studies showed disparate GSEA or DAVID annotation, and what functional
inferences could be made from these.

Since Zn handling is a facet of immune function, can I demonstrate that altered
Zn availability affects infection outcomes? Do either high or low Zn levels give host or

pathogen a clear advantage?
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If Zn is a specific factor in Salmonella infected macrophages, then alterations of zinc availabil-
ity during infection should affect the outcome. That is, bacterial replication vs bacterial clearance
should differ across conditions of Zn availability. Using Salmonella expressing a fluorescence di-
lution plasmid, I asked if altering zinc concentrations in media after bacterial internalization by
macrophages would tip the balance in favor of host or pathogen. This was investigated at 4 time
points: 2, 10, 18 and 24 Hrs post infection. This also allowed us to indirectly examine the Zn stress
experienced by Salmonella in 12956 macrophages, in lieu of a fluorescent sensor localized to the

phagosome.

1.5.2 Novelty and relevance

While multiple studies have carried out RNASeq in Salmonella-infected macrophages, I found
none with the combination of variables that I used: immune competent macrophages, heat-killed
Salmonella instead of LPS, and a time course post infection. Additionally,Ilook specifically and
comprehensively at metal handling and metal responsive genes, which is novel in the literature,
especially in this macrophage cell type. Further,I paired this dataset with ratiometric measurements
of free zinc concentrations within macrophage cytosol measured with ZapCV2, a zinc FRET sensor
with fewer confounding variables and lower variability than is found with small molecule sensors.
This [Zn]| data was collected from 2 to 24 Hrs post infection in live macrophages and can therefore
be correlated with both my sequencing results and my longitudinal Zn dependent infection outcome
experiment. This data is relevant to both the nutritional immunity and macrophage polarization

literature.



Chapter 2

Infection of immune competent macrophages expressing Functional Slcllal

alters global gene expression, regulation of metal ions, and infection outcomes

2.1 Publication status
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Financial support was provided by the following sources: National Institutes of Health - NTHPioneer
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RO1HL156475 (ML). LJ was supported by a National ScienceFoundation GRF. None of the funders

played any role in study design, data collection,decision to publish, or preparation of the manuscript.

2.2 Introduction

Pathogenic organisms must acquire essential micronutrients such as iron, zinc, and manganese
to sustain growth and maintain pathogenicity. To protect itself, a host organism in turn attempts
to sequester these nutrients, as unfettered access can allow for the exponential growth of an invasive
microbe population|[69]. Metal ion sequestration occurs on a systemic level, evidenced by the sharp
decrease of free metal ions in serum upon infection|[67]. Additionally, phagocytic immune cells

manipulate the intracellular localization of metal ions to limit the viability of engulfed pathogens,
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but this process is more complex than unilateral sequestration. Within macrophages, iron (Fe) ions
are bound by cytosolic storage proteins and transported out of phagosomal compartments|75|, while
these same compartments are flooded with bactericidal copper (Cu) ions[83, 84|. The role of zinc
(Zn) in nutritional immunity in macrophages is more nuanced than that of Fe or Cu, as it can be
used either to poison or starve a pathogen[69]. Some microbes have developed strategies to counter
these tactics, including siderophores to scavenge Fe ions, oxidases to detoxify Cu, exporters to
expunge excess metals, and high-affinity importers to overcome metal limitation[69][67, 79]. There
is a growing body of work suggesting that both the pathogen and the host have mechanisms to
regulate Zn accessibility[69, 8], however the overall picture of Zn regulation during infection is not
well understood.

Zn is an essential micronutrient required for growth, proliferation, and several fundamental
biological processes. In mammals, Zn is a requisite cofactor either structurally or catalytically for
approximately 10% of the proteome|9], including many transcription factors and enzymes. As with
other metal ions, excess Zn can be toxic, and cells tightly regulate its availability. Mammalian
cells contain hundreds of micromolar total Zn but most of this is bound to proteins, enzymes
and other ligands such that labile (or exchangeable) Zn, as measured by fluorescent sensors, is
typically in the hundreds of picomolar range in the cytosol[23, 24, 25]. There are fewer tools
for, and hence less consensus on, the concentration of labile Zn in organelles. However, multiple
different fluorescent sensor platforms have suggested that labile Zn distribution in organelles is
heterogeneous|25, 110, 111, 29, 61|. Zn is regulated by membrane-specific Zn transporters, including
Slc30al-10 (also referred to as ZnT'1-10) that transport zinc out of the cytosol, and Sle39al-14 (also
referred to as Zipl-14) that transport Zn (as well as Fe and manganese, Mn) into the cytosol|[14].
Cells also contain metallothioneins (Mt), which serve to bind and buffer Zn ions, and a metal-
dependent transcription factor (Mtfl) that translocates to the nucleus upon binding excess Zn to
regulate the expression of genes that lower cytosolic Zn levels. One major role of Mtfl is regulating
the expression of Mt genes in response to cytosolic Zn levels, protecting cells from fluctuations in

environmental Zn|54]. Consequently, increased Mt expression is often used as a proxy for increased
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cytosolic Zn.

How macrophages use Zn to fight infection seems to depend on the pathogen it encounters,
as well as the nature of the host cell. Macrophages poison M. tb, S. pneumoniae, E. coli, and H.
pylori by transporting toxic levels of Zn into pathogen-containing phagosomes|90, 88, 89, 112]. Con-
versely, challenge with Histoplasma capsulatum induces macrophages to sequester Zn and increase
ROS production to counter the infection[91]. There does not appear to be consensus regarding
7Zn manipulation upon infection with Salmonella Typhimurium. Salmonella possess genes that
aid in surviving Zn toxicity and starvation|[113, 114, 115, 116], and studies done in different types
of macrophage have suggested that Zn can both facilitate and impair infection. In a study of
macrophages derived from primary human monocytes and the human monocyte THP-1 cell line,
infection induces Zn to accumulate in punctate vesicular compartments, though Salmonella man-
aged to avoid these toxic Zn compartments via an SPI-1-dependent mechanism|[117]. In contrast,
Salmonella infection of the mouse RAW264.7 macrophage cell line induced Zn mobilization, and
increased Zn correlated with impaired bacterial clearance[116]. On the other hand, multiple studies
have revealed that the high-affinity ZnuABC zinc uptake system and associated accessory proteins
are critical virulence factors in Salmonella, suggesting that Salmonella experience Zn starvation
inside the host[113, 114, 118]. Critical comparison of Zn at the host-pathogen interface may be con-
founded by the differences in the macrophage models used across studies. For example, both Balb/c
and C57BL/6 mice lack a functional Slc1lal (Nramp-1), a phagosomal transporter for magnesium
(Mg), Fe, Mn, and Zn[105]. Macrophages from these mice are more susceptible to infection and
have a reduced capacity to clear intracellular pathogens[106]. RAW264.7 cells, a popular mouse
macrophage cell line used to study intracellular pathogens, are derived from C57BL/6 mice and
therefore equally impaired. The lack of functional Slcllal is also likely to compromise the host
response to infection with respect to metal regulation, making it difficult to define the nutritional
immunity landscape in an immune-competent model system.

In this study, I carried out global RNA sequencing upon infection of macrophages from 12956

mice with Salmonella Typhimurium and examined the changes in gene expression via clustering,
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and gene set enrichment analysis (GSEA). I deliberately used the 12956 /SvEvTac (hereafter referred
to as 12956) mouse because it contains a functional Slcllal protein and has been used as a model
system for chronic systemic infection[106]. We examined changes in metal-regulatory and metal-
dependent genes and compared my results to published data on infection of C57BL/6 mice. While
some changes in metal regulatory genes were similar between the two different model systems,
suggesting common mechanisms of altering metals at the host-pathogen interface, there were also
notable differences, indicating that functional Slc11al does alter the nutritional immunity landscape
within the host. We also found that cytosolic Zn levels increased over the course of infection and
that Zn availability alters infection outcome. Specifically, we found that Zn supports increased
replication of intracellular bacteria, but also facilitates clearance of bacteria from macrophages. My
results indicate that functional Slcllal significantly affects changes in gene expression, including

the immune response, metal regulation in response to infection, and infection outcomes.

2.3 Results

2.3.1 Infection induces widespread changes in gene expression

To study metal homeostasis during infection, we used bone marrow derived macrophages
(BMDMs) from 12956 mice containing functional Slc1lal. Slcllal plays a critical role in regulating
metal homeostasis and is important for allowing macrophages to mount an effective immune response
to bacterial pathogens[105, 106]. To distinguish changes in macrophage gene expression in response
to Salmonella infection from gene expression changes due to bacterial exposure, macrophages were
treated with live or heat-killed Salmonella enterica serovar Typhimurium (hereafter referred to as
Salmonella). Macrophages that were subjected to media changes but not exposed to Salmonella
served as a control. To examine both early and late immune responses, macrophages were lysed
at 2 or 18 hours post bacterial exposure and subjected to global RNA sequencing (Figure 2.1A).
Principal component analysis shows that samples clustered predominantly by time post infection

and status of bacteria (alive versus heat killed, Figure 2.1B).
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Figure 2.1: Salmonella treatment of macrophages induces global RNA expression

changes across two primary axes: time post exposure and Salmonella status (live vs.

heat killed) A) S

chematic of infection experimental design for 12956 BMDMs exposed to live or

heat killed Salmonella Typhimurium SL1344. B) Global principal component analysis (PCA) with
x-axis showing differential expression correlated with time post exposure and y-axis showing differ-
ential expression correlated with Salmonella status (live, heat killed (HK) or unexposed (UE)). C)
Heatmap of the 7600 differentially expressed genes in this data set (log ration test data p,q; < 0.01).
Figure created with Biorender.
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We identified 7766 genes that were differentially expressed and performed hierarchical clus-
tering to examine the main patterns of gene expression changes. We limited analysis to genes with
significant differential expression (adjusted p-value (pqq;) < 0.01), as determined by a DESeq2 log
ratio test. An expression level cutoff was also applied (see Methods). An unsupervised algorithm
(degPatterns function in DEGreport R package) was used to cluster genes based on similar expres-
sion profiles across all conditions. Twenty groups, each with at least 15 genes, emerged. Some
groups showed time dependent expression, with little change between bacterial conditions, while
others showed significant differences in expression upon treatment with alive versus heat-killed bac-
teria. Additionally, some groups were different based primarily on expression levels in control cells.

In Figure 2.2 we highlight the four different expression patterns that encompass the largest
gene groups. The remaining groups are presented in Supplementary Figures 2.10 through 2.13 on
pages 63 through 66 and the genes associated with each group are presented in Supplementary
Dataset 1. We used DAVID Bioinformatics Resources 6.8 to annotate molecular functions and
biological processes associated with the different gene expression clusters. Figure 2.2A presents
group 1, which consists of genes with time-dependent increases in expression. These genes respond
to the presence of Salmonella regardless of its live or heat-killed (HK) status, and are enriched
for mitochondrial function (e.g. oxidative phosphorylation, ATP production), ER-Golgi transport
and protein folding, immune response, sugar metabolism, and protein degradation (including pro-
teasome and unfolded protein response genes). Specific genes that are characteristic of the M2
anti-inflammatory immune response[119] such as ildra, argl, timpl, and fcgr2b are present in this
group, along with master regulators of the lipopolysaccharide (LPS) immune response ifitl, stat2,
and irf7. Finally, genes involved in pH and redox homeostasis such as sod1, nos2, hifla, carbonic
anhydrases car2/4/13, as well as metal regulatory slcllal, iron sequestering len2, and ferritin iron
storage fthl are found in this group. Finally, s100a8, a metal-binding protein that is a component
of calprotectin and plays a prominent role in nutritional immunity exhibited a similar expression
pattern, with low expression at 2 Hrs and a significant increase at 18 Hrs (Supplementary Figure

2.10D on page 63). These results indicate that the M2 anti-inflammatory response along with many



31

metal associated genes are upregulated over time in response to infection, regardless of whether the
bacteria are alive or HK.

The genes in group 2 (Figure 2.2B) are upregulated at 2 Hrs, with higher expression in
alive compared to HK conditions, and are subsequently suppressed below baseline at 18 Hrs. This
group is enriched in proinflammatory M1 immune genes[119], including tnf, the inflammasome
component nlrp3, and irfl responsible for activating cytokine production. This group also contains
multiple genes involved in membrane transport of zinc (slc30a4, slc39a6,/a8/al0). Another hallmark
proinflammatory M1 marker tlr2 and metal regulatory genes (the zinc-dependent transcription factor
mtfl and iron storage ferritin light chain ftl1) are present in group 3 (Supplementary Figure 2.10A
on page 63, which is similar to group 2 across time but differs in alive vs HK expression at 2 Hrs.
Combined, these two groups indicate that in macrophages with functional slc1lal, much of the
pro-inflammatory response is activated at early time points and then suppressed later in infection.

Figure 2.2C (group 8) shows genes expressed in the absence of bacterial exposure and distinctly
downregulated upon infection over time. This group is notable for its relatively small number of
GO annotations, which are focused on cell cycle, cell motility, zinc-binding and transport, and
transcription. Noteworthy genes in group 8 include cytosolic zinc exporters slc30al/ab and iron
exporter slc40al. Finally, Figure 2.2D demonstrates group 10 in which genes are suppressed at
2 Hrs post-infection and upregulated above untreated cells at 18 Hrs. This group is enriched for
metabolism, protein export, and transcription. Specifically, these genes are involved in ER and Golgi
trafficking, respiration, lysosomal activity, zinc transport (slc39a3/a7), iron-dependent functions
(cytochrome bs, glutaredoxin2, NADH dehydrogenase), mRNA and phospholipid transport, and
autophagy. Approximately 10% of these genes are involved in transcription, and half of these
transcription factors bind zinc. Also in this cluster are key inflammation-related genes tlr4d which
binds lipopolysaccharide (LPS) and irf2/3/10 which mediate the Type I IFN response. Combined,
these gene expression patterns reveal remodeling of metal homeostasis, metabolism and transcription

during infection.
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Figure 2.2: Clustered data exposes multiple distinct expression trends in global data
Four of the twenty groups that emerged from clustering analysis are presented as a box and whisker
plot of gene expression levels as Z-scores (normalized across all DE genes) and a hierarchically
clustered heat map of gene expression as rlog-scaled DESeq2 normalized counts. A) Group 1
contains 1462 genes that increase in expression at 2 Hrs and increase further at 18 Hrs, without
significant differences between the Alive and HK conditions. B) Group 2 contains 1141 genes that
increase in expression at 2 Hrs and then decrease below baseline at 18 Hrs. C) Group 8 contains
1028 genes which are expressed in unexposed cells, but then decrease as a function of time post
infection. D) Group 10 contains 1480 genes that decrease in expression at 2 Hrs and increase at 18
Hrs. UE: unexposed control cells; HK: stimulation with heat killed bacteria
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2.3.2 GSEA reveals pathways differentially affected by live versus heat-killed bac-

teria

In analyzing global transcription patterns, I found that some groups contain differences in
gene expression between live and heat killed bacterial treatments (see groups 4, 5, 7 and 16 as
examples), revealing genes that respond differently to a generalized LPS trigger (HK bacteria) vs
Salmonella with active virulence mechanisms. To identify biological processes or signaling pathways
underlying these differences, GSEA[120] was performed on differentially expressed ranked gene list
from Alive vs HK at 2 hours, and Alive vs HK at 18 hours. Several significant gene sets were
enriched in macrophages treated with live versus HK Salmonella, as defined by a false discovery
rate of ¢ < 0.05. When using the Hallmark Gene Set from the Molecular Signatures Database[121], 1
found 47 gene sets enriched at 2 Hrs, and 14 gene sets enriched at 18 Hrs for live versus HK treatment
(Supplementary Dataset S2). One gene set that is significantly enriched in live Salmonella vs HK
exposure at both time points is hypoxia (Figures 2.3A, 2.3B). Hypoxia is an important aspect of
the 4n vivo immune response to infection as hypoxia accompanies inflammation, and a hypoxic
environment may affect macrophage M1/M2 polarization[119, 122]. Hypoxia is also accompanied
by decreased glucose, increased lactate, and decreased pH, and as discussed above, I observed an
increase in hiffa, carbonic anhydrases, and nos2. Multiple studies have shown activation of hypoxia
induced factors upon infection of macrophages, and hypoxia is generally associated with macrophage
stress as well as defense against bacterial replication|[122, 123, 15]. However, prolonged hypoxia is
associated with tissue damage, so the severity and duration of hypoxia is an important factor in
infection.

The complement gene set is activated more strongly in macrophages infected with live Salmonella.
The complement system is part of the innate immune response and mediates a host responses such as
opsonization, inflammation and direct bacterial lysis[124]. Complement systems respond to bacterial
coat components|125] and were therefore expected to respond similarly to live and HK Salmonella.

Instead, many of these genes showed upregulation in live vs HK conditions (Figures 2.3C, 2.3D).
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Figure 2.3: GSEA reveals enrichment of the hypoxia and complement Hallmark gene
sets in BMDMs infected with live Salmonella compared to treatment with heat killed
bacteria. Each panel shows a GSEA enrichment plot for a Hallmark gene set and a hierarchically
clustered expression heat map of the leading edge genes from that GSEA plot. In GSEA plots each
gene is represented by a vertical black line, and leading edge genes are on the positive end of the
spectrum, up to the point of maximum Enrichment Score. A) GSEA and heat map of leading edge
genes for the Hallmark hypoxia gene set enriched in the 2 Hr Alive condition compared to 2 Hr HK
(q = 0.000, NES = 2.12). B) GSEA and heat map of leading edge genes for the Hallmark hypoxia
gene set enriched in the 18 Hr Alive condition compared to 18 Hr HK. At 18 Hrs, analysis of the
hypoxia gene set shows 50 leading edge genes vs. 36 at 2 Hrs. Only 20 of these genes are in the
leading edge at both time points. (q = 0.024, NES = 1.65). C) GSEA and heat map of leading
edge genes for the Hallmark complement gene set enriched in the 2 Hr Alive condition vs. 2 Hr
HK (q = 0.062, NES = 1.44). D) GSEA and heat map of leading edge genes for the Hallmark
complement gene set enriched in the 18 Hr Alive condition vs. 18 Hr HK (q = 0.042, NES = 1.57).
42 complement genes appear in the leading edge, compared to 36 at 2 Hrs. While there is a core
set of 16 genes upregulated at both time points, the remaining genes are unique. UE: unexposed
control; HK: heat killed; q: false discovery rate; NES: Normalized Enrichment Score from GSEA.
Figure created with Biorender.
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At two Hrs post infection, the complement leading edge is enriched for zymogens, enzymes, and
secreted proteins, while at 18 Hrs there are more chemokine- and Fc-signaling related genes. At
both timepoints, live conditions show upregulation of matrix metalloproteinases mmp12 and mmp13
and their inhibitor timpl. Additionally, this gene set includes members of the coagulation path-
way (plaur, serpin, f3) which overlaps and interacts with complement to trap and kill microbes.
Bacteria co-evolved with the complement system, and many bacteria, including Salmonella, possess
arsenals of anti-complement proteins. Frequently anti-complement proteins work directly against
host proteins, but my data suggest live Salmonella affect complement gene transcription.

TNFasignaling via NF-KB is also more strongly activated by live Salmonella. During infection
multiple signaling cascades activate the transcription factor NF-KB, including the proinflammatory
cytokine TNFo (TNF in mice). NF-KB is a master regulator and specifically responds to TNF
activation with pro-inflammatory and anti-apoptotic signaling. At both 2 Hrs and 18 Hrs, live
infected samples were enriched for pro-inflammatory genes, while each time point was enriched in
a different set of anti-apoptotic genes (Supplementary Figure 2.14 on page 67). At two Hrs btg2,
egr3, jun, vegfa, klf4 and nrda were enriched in alive conditions compared to HK, while at 18 Hrs
bcl6, smad3, statda, plaur and socs3 were upregulated in alive versus HK. Most genes present in
the leading edge for both time points were more highly expressed at 2 Hrs, reinforcing the trend of
macrophages moving toward an M2-like state later in infection.

T also observed gene sets that were enriched only at 2 Hrs or 18 Hrs. For example, the Hallmark
Apoptosis gene set was enriched at 2 hours, and Hallmark Unfolded Protein Response (UPR) was
enriched at 18 hours (Figure 2.4). Late log phase growth induces maximal expression of Salmonella
Pathogenicity Island 1 (SPI1) genes which allow Salmonella to be highly invasive and frequently
induce apoptosis in macrophages|126]. To promote longer term infections, the Salmonella in this
experiment were grown to stationary phase before infection, which reduces their expression of SPI1
genes. However, several pro-apoptosis genes are upregulated in Alive exposure at 2 Hrs including the
cAMP-dependent transcription factor atf3, jun, and pmaipl. The fact that the apoptotic pathway

is not enriched at 18 Hrs suggests that the macrophages manage this response. While UPR and
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apoptosis are both possible responses to metabolic and ER stress, the upregulation of UPR at 18
Hrs could represent an attempt to restore cellular homeostasis. The transition from apoptosis genes
at 2 Hrs to UPR genes at 18 Hrs correlates with a shift in macrophage polarization and may imply

decreased ER stress over time.

2.3.3 There is significant remodeling of metal homeostasis in response to infection

One of my primary goals in carrying out RNAseq upon infection of 12956 BMDMs was to
define infection-related changes in transition metal regulatory and dependent genes in a model sys-
tem with functional Slc1lal (NRAMP1). This allows me to inform my understanding of nutritional
immunity in an immune competent model system. Figure 2.5A shows several major metal regula-
tory proteins in macrophages. This includes Slc39al-14 (Zip) transporters that facilitate entry of
Zn, as well as Mn and Fe for some Slc39a members, into the cytosol, Sle30al-10 (Znt) transporters
that remove Zn from the cytosol, the Fe exporter Ferroportin (Slc40al), and Cu transporters Atp7a
and Ctrl/2 (Slc31al/2). Also shown are metallothioneins which store and buffer cytosolic Zn, and
the Fe storage protein ferritin (Fthl — ferritin heavy chain and Ftll- ferritin light chain), which is
protective against Fe-induced oxidative stress in macrophages.

Infection of 12956 BMDMs leads to broad changes in genes that control metal transport
(Figure 2.5B, Supplementary Dataset S3). There is a significant increase in slcllal upon infection,
particularly at 18 Hrs. Slcllal localizes to the phagosomal membrane where it exports divalent
metal cations (Fe, Zn, Mn) while simultaneously acidifying the compartment. The other member of
this family, Slc11a2; imports metal ions across the plasma membrane, and is significantly upregulated
at 2 Hrs. This may indicate an acute phase emphasis on importing metals into the cell, and a late
phase emphasis on exporting metals from the phagosome. At 18 Hrs slc11al is more highly expressed
in response to live versus HK Salmonella, suggesting that macrophages actively upregulate this gene
to help combat live infection.

There are also significant changes in transporters dedicated to import, export, and distribu-

tion of Fe, Cu and Zn (Figure 2.5B). There is a downregulation of the transferrin (trf) Fe import
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Figure 2.4: GSEA reveals enrichment of the apoptosis Hallmark gene set at 2 Hrs and
the UPR gene set at 18 Hrs in BMDMs treated with live versus heat killed Salmonella.
A) GSEA curve of the Hallmark apoptosis gene set, showing enrichment in the 2 Hr alive condition
vs. the 2 Hr HK condition (q = 0.023, NES = 1.58). B) Heatmap of 25 leading edge apoptosis
genes. C) GSEA curve of the Hallmark UPR gene set, showing enrichment in the 18 Hr Alive
condition vs. the 18 Hr HK condition (q = 0.021, NES = 1.69). D) Heatmap of the 47 leading
edge UPR genes. UE: unexposed control; HK: heat killed; q: false discovery rate; NES: Normalized
Enrichment Score from GSEA.
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Figure 2.5: There are widezsprezad%ha}ilgges in metal-transport, -dezpenzdéflt a1r81d homeosta-
sis genes. A)Schematic of major metal ion transporters and buffering proteins in macrophages.
Slc30al-10 are also referred to as ZnT1-10. Slc39al-14 are also referred to as Zipl-14. B-D)
Heatmaps of subsets of metal-transport, -dependent, and -homeostasis genes that are highly ex-
pressed and differentially expressed in my data set (log ratio test ¢ < 0.01, mean normalized counts
> 100). These gene sets are curated to focus on nutritional immunity metals, including Fe, Zn, Cu,
and Mn. Genes that fit in multiple categories are only listed once. B) Metal ion transporters. C)
Metal-dependent and -responsive genes. D) Metal ion homeostasis genes. UE: unexposed control
cells; HK: heat killed bacteria exposure. Figure created with Biorender.
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pathway and the Fe exporter slc40al, indicating restriction of Fe. The Cu transporters slc3lal
(plasma membrane) and slc31a2 (endosome) are significantly increased in expression at 18 Hrs.
These changes in gene expression would increase Cu influx into the cytosol, while the upregulation
of atp7a (endosome) at 2 Hrs suggests an active effort by the macrophages to kill the internalized
bacteria. Changes in Zn transporters include upregulation of slc30a4, slc39a14, slc39al, slc39a7
and downregulation of slc30ab. The significant increase in expression of plasma membrane importer
slc39al14 is especially strong at 18 Hrs, and could result in an increase in cytosolic Zn. Decreased
expression of Golgi importer slc30ab and increased expression of ER exporter slc39a7 suggest di-
minished Zn in the secretory pathway, perhaps to deprive the pathogen of Zn. Slc30a4, which
transports Zn into the phagosome and secretory vesicles, is upregulated at 2 Hrs and downregulated
below control at 18 Hrs, indicating restriction of Zn at late stages of infection. Combined, there
are widespread changes in metal transport that indicate limitation of Fe, accumulation of Cu, and
redistribution of Zn.

In addition to metal transport, there are significant changes in genes that are metal dependent
(Figure 2.5C) and genes related to metal homeostasis (Figure 2.5D). There is an increase in intra-
cellular storage capacity for Fe at 18 Hrs; fthl increases while ftl1 drops in expression, reflecting the
fact that during infection, heavy chains polymerize together to the exclusion of light chains[127].
Similarly, Zn buffering capacity in the form of cytosolic metallothioneins (mt1/2) is increased early
in infection and maintained with expression at 18 Hrs higher in macrophages treated with live versus
HK Salmonella. These changes in metallothionein would be consistent with increased cytosolic Zn
late in infection. There is also a significant increase in expression of Zn-dependent carbonic anhy-
drases that regulate pH, Zn-dependent proteases (mmpl0, 12, 13, 14, timpl, adamtsl, adam8), the
ferroxidase ceruloplasmin (Figure 2.5C). Additionally, there is an increase in expression of lipocalin,
a protein involved in innate immunity by binding Fe-bound siderophores and depriving pathogens
of Fe. Finally, there are significant increases in genes involved in metal homeostasis and oxidative
stress, particularly at late stages of infection. These include: hifla, Cu/Zn-dependent sod2 and

sod3, Mn-dependent argl, and Zn-dependent nos2. These changes indicate that remodeling metal
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transport is accompanied by significant changes in the expression of metal-dependent enzymes and

metal storage.

2.34 Cytosolic labile Zn increases at late stages of infection

The widespread changes in Zn transporter expression upon infection suggest remodeling of
Zn homeostasis, and would be expected to lead to an increase in cytosolic Zn and decreased Zn in
the secretory pathway. Previous studies in different model systems have suggested different changes
in intracellular labile Zn pools in response to infection|[117, 128]. However, all previous studies
have used small molecule indicators such as FluoZin3 or Zinpyr-1, which often exhibit variable
and unpredictable localization within a cell and can confound measurement of Zn in a defined
location. For example, FluoZin3-AM has been shown to localize to the cytosol, Golgi, lysosomes and
vesicles, and localizations differ among cell types[24, 129, 130]. Previous studies in Slcllal defective
Raw264.7 cells used FluoZin3d to determine that there was an increase in labile Zn upon infection
via FACS. Unfortunately, the absence of fluorescence images precluded evaluation of where the Zn
increase occurred. In human monocyte-derived macrophages FluoZin3d appears to be in vesicles or
early endosomes|117], and reported an increase in Zn in these compartments upon infection. Of
the studies that have attempted to measure Zn inside activated or infected macrophage, none have
unambiguously addressed whether there are changes in cytosolic Zn.

To directly measure cytosolic Zn in 12956 BMDMs at various time points post-infection,
Michael Minson used the genetically encoded zinc sensor NES-ZapCV2[64, 7]. This sensor uses the
ratio of YFP emission to CFP emission upon CFP excitation (Forster Resonance Energy Transfer,
FRET, ratio) to measure labile Zn in cells. The advantage of the genetically encoded sensor is
that localization of this sensor is restricted to the cytosol. Briefly, cells were nucleofected with a
plasmid encoding NES-ZapCV2 15 hours prior to infection with Salmonella. At select time points
post-infection cells were imaged on a widefield fluorescence microscope to measure the resting FRET
ratio (Figure 2.6A). Cells were subsequently subjected to an in situ calibration to determine the

minimum and maximum FRET ratio in each cell (Figure 2.6B) and the calibration parameters were
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used to calculate the fractional saturation of each cell under resting conditions and the concentration
of labile cytosolic Zn (see Methods for details, Figure 2.6C). Uninfected cells have a mean fractional
saturation of 0.30 which corresponds to a Zn concentration of 80 pM. At 12 Hrs and beyond, the
fractional saturation increased to 0.5 which corresponds to 2.9 nM Zn. My data show that labile
Zn in the cytosol does indeed increase later in the infection (36-fold), consistent with the observed

increase in expression of mtl and mt2.

2.3.5 Zn promotes bacterial clearance as well as bacterial replication

Having established that Zn regulation and Zn availability in the cytosol are altered upon
infection, I, in collaboration with Mike Minson, evaluated the influence of Zn availability on infection
outcome. While a previous study examined increases and decreases in Zn on Salmonella infection
of Raw264.7 cells[116], we explore the impact of Zn on infection outcome in immune competent
macrophages with functional Slcllal. To examine infection outcomes, we incorporated the pDiGe
plasmid (Figure 2.7A) into Salmonella, which encodes two fluorescent proteins. DsRed is expressed
under an arabinose inducible promoter while GFP is constitutively expressed[131]. This plasmid
allows tracking of infected cells (green signal) and bacterial replication (dilution of the red signal
upon cell division). Arabinose induction of DsRed is halted upon macrophage infection, such that
any bacterial division occurring within the macrophage leads to dilution of the red fluorescent signal.
Comparison of green and red signals across time yields a picture of bacterial division vs macrophage
clearance of bacteria.

To alter Zn availability, we manipulated Zn levels in the macrophage media after Salmonella
had been internalized. Four media conditions were used in this study to span the range from Zn
replete to Zn deficient. The four conditions were: standard macrophage growth media (DMEM +
20% FBS) containing 25 pM Zn (Figure 2.7B), or media prepared with Chelex-100-treated FBS to
deplete metal ions (4 pM Zn, Figure 2.7B), which was then further depleted of Zn (Chelex media
+ 3 pM ZX1, 0 pM Zn) or reconstituted with replete Zn (Chelex media + 30 uM Zn, 34 uyM Zn

total).
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Figure 2.6: Changes in labile cytosolic Zn in 12956 BMDMs upon infection with
Salmonella. A)Representative image of BMDMs expressing the NES-ZapCV2 fluorescent Zn
sensor (green) treated with Salmonella constitutively expressing mCherry (red). Scale bar = 20
nm. B) Representative in situ calibration of the NES-ZapCV2 sensor showing the FRET ratio
(R, background corrected FRET channel divided by the background corrected CFP channel) over
time. The Rujn is obtained upon addition of 50uM TPA and the R,y is obtained upon addition
of 23.8nM buffered Zn, 0.001% saponin and 0.75uM pyrithione. Each trace represents a single cell.
C) Fractional saturation of the NES-ZapCV2 sensor at different time points post infection. Each
dot represents an individual cell. Data represent at least two independent experiments per time
point. Figure credit Amy Palmer, data credit Michael Minson.
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Figure 2.7: Bacterial clearance as a function of time and Zn availability. A)Schematic of
the experimental protocol. Salmonella expressing the pDiGe plasmid expresses GFP constitutively
and DSRed under arabinose induction. Bacteria are cultured with arabinose and aeration to the
stationary phase, at which point they express both fluorescent proteins. Arabinose is removed at
infection, and infected macrophages are fluorescent in both red and green channels by flow cytome-
try. As infection proceeds the green to red fluorescent ratio ‘tracks’ the bacteria. B) Metal content
of normal growth media and media containing Chelex-treated FBS, as determined by inductively
coupled plasma mass spectrometry (ICP-MS). C)Histograms of the GFP signal in macrophages ex-
pressing pDiGec in 4 different medias and at 4 time points. Each experimental condition was done in
triplicate, and 10,000 cells were measured per sample. Replicates were essentially identical, so data
for the replicates was concatenated. Increasing color saturation indicates time post Salmonella ex-
posure (2, 10, 18 or 24 hours). The right peak in each graph corresponds to the GFP- macrophages,
indicating infection. As Salmonella are cleared the macrophages become GFP- and shift to the left
peak on each graph. At the initial inoculation (white curve in each panel), macrophages show almost
100% infection rate. Normal macrophage growth media and Chelexed media supplemented with 30
nM Zn (replete Zn conditions) show almost 100% bacterial clearance at 24 hours. Chelexed media
(low Zn) shows decreased bacterial clearance while Chelexed media with 3 pM extracellular zinc
chelator ZX1, (essentially no Zn) shows poor bacterial clearance. Figure created with Biorender.
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Macrophages were infected with Salmonella expressing pDiGce in macrophage growth me-
dia and infection proceeded for 45 minutes before experimental media conditions were introduced.
This avoided the confounding variable of Zn’s effect on the phagocytosis of bacteria. Infected
macrophages in each media condition were fixed at four time points: 2, 10, 18 and 24 Hrs post
inoculation and subjected to flow cytometry. A control sample was fixed immediately after the 45
min infection and verifies that 91% of macrophages contained GFP-positive bacteria at the begin-
ning of the experiment. Figure 2.7C demonstrates the loss of GFP signal in macrophages in each
growth media as a function of time. The increase in the fraction of cells with no GFP is indicative
of bacterial clearance. In each panel, the white curve is from the initial infection, and increased
color saturation indicates time post-infection. In normal growth media, clearance of bacteria is
strong at 2 Hrs, with 70% of initially infected cells having lost all GFP signal. Clearance further
increases over time, with 76%, 74%, and 85% clearance at 10, 18 and 24 Hrs. Control and Zn
replete media contained similar Zn levels but different amounts of Ca and Fe due to Chelex treat-
ment. At early time points (2, 10 and 18 Hrs) there is 56%, 64% and 59% bacterial clearance in
the Zn replete media compared to the control, likely due to either depleted Ca or Fe. By 24 Hrs,
Zn replete samples reached a similar level of infection clearance, with 87% clearance. In contrast,
macrophages in Chelexed media with low Zn and ZX1-treated media with effectively no Zn show
significantly impaired bacterial clearance. At 24 Hrs Chelex and Zx1 conditions had achieved 73%
and 53% clearance, respectively. Direct comparison of the different media conditions at each time
point are presented in the Supplementary Figure 2.15 on page 68. These results confirm that 12956
macrophages are competent at clearing Salmonella throughout infection and that Zn availability
positively correlates with the effectiveness of bacterial clearance.

In addition to measuring bacterial clearance, the pDiGce plasmid can also be used to mea-
sure bacterial replication, as the DsRed signal is diluted with every cell division. I compared the
DsRed signal versus GFP signal as a function of time and different media conditions (Figure 2.8).
In standard macrophage growth media (top row), the DsRed signal decreases over time in 23% of

the GFP+ cells, indicative of bacterial replication. It is important to note that although 12956
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macrophage are efficient at clearing the Salmonella infection, here we are looking at the small por-
tion of the macrophage population that remains infected (GFP+). The Zn replete media (2nd row)
shows bacterial replication comparable to standard growth media, with 23% of GFP+ macrophages
showing diluted DSRed signal at 24 Hrs. In contrast, in Chelexed media with depleted Zn and
Chelexed media containing ZX1 (no Zn) there is weaker bacterial replication (11% and 7%, respec-
tively), as indicated by the lack of a fluorescent “tail” at lower DsRed intensity. Interestingly, this
result suggests that while Zn facilitates host clearance of bacteria, it also helps bacteria to replicate
in cells that do not clear the infection. This may suggest that bacterial clearance occurs more easily

in dividing bacteria as persistent infections are mainly non-replicating.

2.3.6 Macrophages from 129S6 and C57BL /6 differ in nutritional immune response

to infection

Because the Slcllal transporter specifically aids in depriving pathogens of metal ions, I
hypothesized that expression of genes related to metal handling in my cells would differ signifi-
cantly from macrophages derived from Slcllal non-functional mice (BALB/c, C57BL/6, and the
Raw264.7 cell line). Therefore, I performed a comprehensive analysis of changes in expression in
12956 macrophages (this study) and macrophages derived from C57BL/6 mice (RNAseq study by
Stapels et al[109]) at 18 hours post infection. Specifically, I compared my unexposed control (UE),
18 Hr Alive and 18 Hr HK conditions against uninfected macrophages (UI), those containing grow-
ing Salmonella (G), and bystander macrophages not containing Salmonella at 18 Hrs (BY) from
Staples et al. All data were analyzed on the same pipeline and normalized together within DESeq2
to make the data as comparable as possible (Supplementary Dataset S4).

To evaluate potential differences in genes involved in nutritional immunity between the two
datasets, 1 examined all genes with UNIPROT keywords for iron, zinc, or copper transport or
homeostasis. Figure 2.9 presents heat maps for Fe, Cu, Zn transport and Ze-dependent genes.
There are a number of similarities in regulation of metal-transport, -homeostasis, and -dependent

genes, indicating that there are common mechanisms for managing metal ions at the host-pathogen
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Figure 2.8: Bacterial replication as a function of time and Zn availability. 12956 BMDMs
were infected with Salmonella expressing pDiGe. The GFP and DsRed signals in BMDMs were
measured by flow cytometry and plotted against one another. These density graphs show only
macrophages containing GFP+ Salmonella, which indicates active infection. Percentages on each
plot indicate the number of macrophages with diluted DSRed signal, an indicator of Salmonella
division. Dilution of DsRed is a function of time and zinc availability, with all media conditions
showing an increase in bacterial division over time, but control and zinc replete conditions (first
and second rows) show much more robust division.
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interface, even when there are differences in the host. In particular, there is a significant decrease in
Fe import (trf), export (slc40al), and an increase in ferritin storage (fthl) in both studies (Figure
2.9A). Similarly, both studies show upregulation of plasma membrane copper transporter slc31al
indicating Cu uptake from the extracellular space (Figure 2.9B). With respect to Zn regulation,
both studies show upregulation of plasma membrane Zn importer slc39al4, downregulation of the
Golgi importer slc30ab, and an increase in expression of Zn buffers mtl and mt2 (Figure 2.9B,
2.9C). Combined these results suggest a general pattern of limiting the availability of Fe, increasing
exposure to Cu, and increasing cytosolic Zn.

Despite these similarities, there are also notable differences that suggest the presence of func-
tional slcllal alters metal regulation at the host-pathogen interface. With respect to Fe, lacto-
transferrin (Itf), a major Fe binding factor with bactericidal properties, steap3, which encodes a
ferrireductase that reduces ferric Fe released from transferrin in the endosome, and mmgtl, which
encodes a Mg transporter that ferries multiple metal ions across membranes are all downregulated
in infected 12956, but do not respond to infection in C57BL/6 cells. There are also notable differ-
ences in key Cu regulatory genes. The Cu importer sle31a2 is upregulated in 12956, while there
is no change in C57BL/6. Copper chaperones play an important role in distributing Cu and load-
ing it into enzymes; the copper chaperone atoxl is upregulated in 12956, but downregulated in
C57BL/6; cox17 is upregulated in 12956, but not C57BL/6 (¢ > 0.06). Finally, scol is upregulated
in C57BL/6 but not 129S6. There are also differences in the magnitude of gene expression changes,
with more marked changes in 12956, including for ferroportin (Slc40al), multi-copper enzyme ceru-
loplasmin (cp), and len2; which reduces bacterial replication by sequestering Fe bound to microbial
siderophores. Lcn2 is also intimately involved in regulating the expression of pro-apoptotic bel2111,
which is strongly downregulated in 12956 but is unaffected in C57BL/6 cells, suggesting these two
cell types have disparate apoptotic tendencies at 18 Hrs post infection.

There are also notable differences in infection-induced expression changes in genes encoding
Zn transporters and Zn-dependent proteins between the two systems (Figure 2.9C, 2.9D). Specif-

ically, upregulation of slc39a7 and downregulation of slc30a4 in 12956 but not C57BL/6 suggest
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Figure 2.9: Changes in metal-transport and -homeostasis genes reveal differences in
metal regulation in BMDMs derived from Slcllal-functional mice compared to non-
functional mice. RNAseq data from this study are compared to data from Stapels et al, GEO
Accession GSE104785. Data from both studies were processed through the same pipeline and nor-
malized together. Gene lists were compiled using Uniprot keywords and the mouse genome, and
filtered for mean normalized count > 5 in at least one data set. A) Genes involved in Fe transport
and homeostasis. B) Genes involved in Cu transport and homeostasis. C) Genes involved in Zn
transport and homeostasis. D) Zn dependent genes of interest. UE: 12956 BMDMs unexposed to
Salmonella; HK: heat killed Salmonella treatment; Ul: uninfected C57BL/6 BMDMs; G: C57BL/6
BMDMs containing growing Salmonella; BY: bystander C57BL/6 BMDMs.
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limitation of Zn in the secretory pathway and phago-lysosomal compartment in response to infection
in 12956 BMDMs. Additionally, slc39a8 is downregulated in 12956 but upregulated in C57BL/6.
In primary human lung macrophages, the Zn importer slc39a8 is upregulated in response to LPS
and negatively regulates proinflammatory responses|132]. Zn-dependent proteins such as proteases
(mmp9,/10/12/13) and carbonic anhydrases (car 4/11), are upregulated in 12956 but not C57BL/6.
Finally, there are notable differences in the magnitude of gene expression changes, including car2,
card, and nos2. These differences suggest changes in Zn distribution between the two model systems
and altered regulation of Zn-dependent enzymes.

A comparison between A18 vs UE and G vs Ul revealed global expression differences as well.
1991 genes are differentially expressed (p.q; < 0.01) between G and Ul that were not differential
(Pagj > 0.03) between A8 and UE. Further, 2723 genes were significantly different between A18
and UE, but not in G versus UL. When these gene lists were scrutinized using DAVID annotation
clustering, the genes differential in 12956 were enriched for cell cycle functions, and the majority
are down regulated. Interestingly, the genes differentially expressed in C57BL/6 were enriched
for apoptosis, and almost all of these genes were upregulated. These data suggest that these two
cell types are moving toward different fates by 18 Hrs post Salmonella exposure, with 12956 cells
entering quiescence but C57BL/6 cells experiencing apoptosis. This observation is consistent with
the fact that Slcllal knockout macrophages are models for acute infection and are more susceptible

to killing by Salmonella.

2.4 Discussion

This work presents a systematic analysis of changes in global gene expression, as well as a
more targeted analysis of changes in genes related to transition metal ions in 12956 macrophages
infected with Salmonella. The 12956 model system was chosen because these mice contain functional
Slecllal (Nrampl), a divalent metal ion transporter that localizes to phagosomes and regulates metal
availability to the intracellular pathogen. Slcllal confers resistance to intracellular pathogens and

the 12956 mouse has been used to model long-term chronic infection by Salmonella, as the mice
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don’t succumb to initial acute infection the way C57BL/6 or BALB/c mice do[106, 77, 133|. A recent
study examined the Salmonella proteome upon infection of mice homozygous or heterozygous for
functional versus nonfunctional Sclllal and found an abundance of Mg, Zn, Fe and Mn uptake
systems expressed in Salmonella in resistant mice but not Salmonella that colonized susceptible
BALB/c mice[77]. This study indicates that Slcllal plays a major role in affecting metal ion
availability for uptake by Salmonella. However, how metal regulation in the host differs in the
presence and absence of functional Slc11al has not been explored. Given that metal manipulation is
a key component of nutritional immunity, I sought to define how genes encoding metal transporters,
metal-dependent proteins, and metal-regulatory proteins were affected by treatment with live or heat
killed Salmonella at early (2 Hrs post infection) and late (18 Hrs post infection) time points.

I observed widespread changes in metal transport, metal-dependent, and metal homeostasis
genes, suggesting remodeling of Fe, Cu, and Zn availability by host cells. There is significant up-
regulation of slcllal, especially at late stages of infection, consistent with the host cell limiting Fe,
Mg, Mn and Zn in the phagosome. Further changes in gene expression are consistent with decreased
Fe uptake (trf), export (slc40al) and increased storage (fthl); increased Cu uptake (slc3lal), im-
port into the phagosome (atp7a) and altered distribution (Cu chaperones atoxl, scol, cox17) and
increased transport of Zn into the cytosol (slc39al, sle39al4) coupled with decreased transport into
the secretory pathway and endo-lysosomal system (slc39a7, sle30ad, sle30a5). Increased expression
of mtl and mt2 genes, which encode Zn buffering proteins, further suggests an increase in cytosolic
Zn. I also observed numerous changes in metal-dependent proteins and enzymes, many of which
play an important role in nutritional immunity (len2, 1tf, cp, steap3, sod2, argl, nos2, mmp, car,
s100a8). Some of these changes have been seen in a variety of mouse model systems in response to
diverse intracellular pathogens, suggesting widespread or universal strategies for the host to combat
infection. In particular, the changes in gene expression to limit Fe|79, 134] and accumulate Cu
appear to be common strategies for nutritional immunity[83]. Indeed, the changes in expression of
trf, sled0al, fthl, slc3lal, len2 and cp were also observed in analysis of RNAseq data from infection

of macrophages from C57BL/6 mice at 18Hrs post infection. However, it is notable that many of
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the changes are significantly more pronounced (larger fold change) in the 12956 model system, indi-
cating a more robust nutritional immunity response in macrophages with functional Slcllal. This
observation is consistent with the findings of Cunrath and Bumann, which found that only in in-
fection of mice with functional Slc1lal were bacterial metal uptake systems induced|77], suggesting
that functional Slcllal is necessary to activate nutritional immunity mechanisms. Interestingly, the
changes I observed in expression in slcllal, as well as key Fe and Cu regulatory genes were compa-
rable in macrophages infected with live bacteria or treated with HK bacteria. This suggests that the
host response is driven not only by active pathogen virulence factors, but also pathogen-associated
cues, such as LPS.

As noted previously, there does not appear to be a universal strategy for host manipulation of
Zn at the host-pathogen interface, with examples of host mechanisms to both starve and poison an
intracellular pathogen[67, 84, 91]. Cellular regulation of Zn is more complex than Fe or Cu, with 24
Zn transporters that control transport into and out of the cytosol as well as intracellular organelles.
Indeed, pathogens and immune system modulators have been shown to have different effects on Zn
transporter expression[8] including upregulation of slc39a8[132] in response to LPS and TNFa, up-
regulation of sle30ad and sle30a7 upon stimulation with GM-CSF[135], and upregulation of slc39al4
in response to LPS[136]. Previous studies have suggested that Salmonella experiences Zn starvation
inside the host as the high affinity bacterial Zn uptake system ZnuABC[113] and associated accessory
protein ZinT[114]| and low affinity uptake system ZupT[137| contribute to virulence in mice. But
the concept of Zn starvation is hard to reconcile with reports of Zn accumulation in puncta[117] and
the suggestion that Salmonella induce Zn elevation to evade bacterial clearance[116]. To provide a
more complete picture of Zn modulation within the host, I analyzed changes in the expression of
Zn regulatory genes, measured labile Zn levels in the cytosol at different times post infection, and
examined the effect of Zn availability (based on manipulation of Zn levels in media) on infection
outcomes: bacterial clearance and bacterial replication. I was particularly interested in comparing
how the host cell remodels Zn availability in macrophages with functional Slcllal, and hence a

robust nutritional immunity response.
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The changes in Zn transporters and homeostasis genes predict an increase in cytosolic Zn and
a decrease in Zn in the ER / Golgi / phagosome. Specifically, I observed significant upregulation
of slc39al, slc39alj, mtl and mt2, with more pronounced changes at late stages of infection (18
Hrs). Sle39al and al4 are plasma membrane transporters that mediate entry of Zn into the cytosol,
while Mt1 and Mt2 are Zn buffering proteins that are frequently used as proxies for cytosolic Zn, as
increased Zn leads to increased mtl/2 expression via the Zn-dependent transcription factor M¢tfl.
Using a genetically encoded Zn sensor explicitly targeted to the cytosol, Michael Minson measured
an increase in Zn from 80 pM to 2 nM at 12 Hrs post infection that remained elevated through the
last measurement time (21 Hrs post infection). Intriguingly, mt1, mt2, and slc89a14 are more highly
upregulated upon infection with live Salmonella compared with heat killed bacteria, suggesting an
active recognition of and response to live bacteria. I speculate that the host cell increases cytosolic
Zn to support metabolic and transcriptional proteins that fight infection. This is consistent with
my observation that a large fraction of differentially expressed genes has DAVID annotations that
include “Zn binding”. When we manipulated Zn availability in the media, we found that Zn replete
conditions led to robust clearance of infected bacteria, suggesting that the host may use elevated
cytosolic Zn to fight infection.

I also observed an increase in slc39a7 which encodes the transporter that moves Zn out of the
ER and secretory pathway, a decrease in slc30a5 which encodes the transporter that moves Zn into
the Golgi and vesicular compartments, and a decrease in slc30a4 which encodes a transporter which
moves Zn into the phagosome. All three of these changes were comparable in macrophages treated
with live Salmonella versus heat HK bacteria, suggesting a general host response to the pathogen
and pathogen-associated cues (for example LPS). Further, all three of these changes in expression
would lead to Zn limitation in the secretory / phago/lyoso-somal pathway and hence Zn restriction
for the pathogen. This finding is consistent with previous observations that Salmonella upregulate
bacterial Zn uptake mechanisms, especially in the presence of functional Slcllal. Manipulation
of Zn in the media revealed that zinc availability strongly correlated with bacterial replication,

where Zn limitation blocked replication and Zn elevation enabled replication. Combined, my results
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indicate that manipulation of Zn at the host-pathogen interface is more nuanced than Fe or Cu,
where the host leverages its intricate means of manipulating Zn availability and distribution to limit
the ability of the pathogen to access Zn while simultaneously ensuring sufficient Zn to support the
immune response.

In addition to representing a distinct model system for studying nutritional immunity, I antic-
ipated that the presence of functional Slcl1al would affect the global immune response to infection,
since Slcllal profoundly affects infection outcomes, namely resistance versus susceptibility. To crit-
ically compare infection-induced changes in the transcriptome, I identified an RNAseq study that
was carried out in macrophages from C57BL/6 mice[109], with strong parallels to my conditions,
and reanalyzed the data along with ours in an identical pipeline. I found that 4500 genes were
differentially expressed in one study but not the other, with differences in expression at baseline
as well as in response to infection. This is consistent with studies of mouse lines possessing one
or two functional slcllal alleles on a C57BL/6 background[106, 77|. These mice experienced lower
infection loads but still ultimately succumbed to Salmonella infection, implying differences between
C57BL/6 mice and 12956 mice that extend beyond Slcllal. However, the magnitude of differential
expression was unexpected, as it involved more than a third of all genes differentially expressed
in my data. Annotation analysis of this differential gene list indicates that these cell types tend
toward different fates in response to the stress of Salmonella infection, with 12956 cells showing
suppression of cell cycle genes but C57BL/6 cells showing upregulation of apoptotic genes.

In assessing the GSEA and GO term enrichment present in my data I find recurring themes of
inflammation, hypoxia, apoptosis and the unfolded protein response (UPR), which are inextricably
linked[15, 103]. Both intracellular hypoxia and Salmonella-induced inflammation can result in apop-
tosis or the UPR, which is an attempt to regain cellular homeostasis under stress. When comparing
live vs HK Salmonella conditions across time, I see enrichment of hypoxia-related genes along with
enrichment of apoptosis 2 Hrs, which transitions to enrichment of UPR at 18 Hrs. This apparent
transition in the cellular stress response over time demonstrates the ability of 12956 macrophages

to withstand Salmonella infection. In contrast, infection of C57BL/6 macrophages showed marked
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enrichment of apoptosis genes at 18 Hrs. This finding is supported by multiple previous studies
which found that Salmonella induces apoptosis in Slellal nonfunctional macrophages|[126, 138].

Macrophages experience a range of phenotypes, from inflammatory and cytotoxic (termed M1
polarization) to anti-inflammatory and wound healing (M2 polarization), depending on their milieu.
These states are fluid, differing in gene expression and metabolism, and are heterogeneous across in
vivo cell populations[15]. The bactericidal mechanisms available to M1 macrophages enable them
to kill internalized pathogens efficiently. The lack of these mechanisms in M2-like macrophages
make them a more permissive niche for facultative intracellular bacteria like Salmonella. Although
a number of previous studies have tried to identify individual genes that distinguish M1 and M2, for
example: argl vs nos2[139] or egr2 vs CD38[140], the increasing availability of whole transcriptome
sequencing makes it possible to define a more comprehensive genetic signature of M1 and M2. Single
cell RNAseq by Saliba et al[119] enabled identification of gene clusters related to M1 and M2 and
how these gene clusters correlated with infection (naive macrophages, bystanders, macrophages
with growing bacteria and macrophages with non-growing bacteria). Dual RNAseq of both the
pathogen and host by Stapels et al[109] further enables correlation of the M1 and M2 gene clusters
within the host with expression of Salmonella virulence genes. Indeed, this analysis revealed that in
C57BL/6 macrophages, the M2 polarization correlates with increased SPI2 expression, suggesting
that Salmonella activates virulence mechanisms in this niche.

Examination of M1 and M2 gene clusters further reinforces that 12956 macrophages represent
a distinct intracellular niche with respect to immune response to infection. As shown in Figure 2.2,
polarization genes follow a temporal pattern of expression, with the majority of M1 related genes
strongly upregulated 2 Hrs post infection but sharply downregulated by 18 Hrs. On the other
hand I see slower time-dependent activation of M2 related genes. This observation is supported at
2 Hrs by enrichment in glycolysis, the metabolic state of inflammatory or hypoxic macrophages,
and at 18 Hrs by enrichment in oxidative phosphorylation and fatty acid metabolism, which are
the metabolic markers of M2 macrophages|15, 103|. Importantly, at each time point I see little

difference in M1/M2 associated genes between live and HK Salmonella conditions, especially when
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normalized to C57BL/6 data (Supplementary Figure 2.16 on page 69). This is in contrast to findings
in Slc11al non-functional macrophages which indicate that dividing Salmonella may actively induce
M2 polarization to enhance bacterial survival, and that macrophages exposed to but not infected by
Salmonella maintain an M1 phenotype late in infection|[119, 109]. While my work is at a population
level and therefore contains macrophage and Salmonella heterogeneity, exposure to HK Salmonella
does not lead to retention of an M1 phenotype at 18 Hrs, nor does it seem that 129S6 cells are
induced to M2 by live Salmonella.

My study recapitulates the ability of 12956 macrophages to fight infection at all time points,
which intriguingly occurs regardless of the expression profile of M1 or M2 genes. At 2 Hrs, 70% of
initially infected macrophages had cleared the infection, which correlated with the transcriptional
induction of M1 polarization. However, despite the shift toward an M2-like transcriptional profile
at 18 Hrs, the rate of bacterial clearance increased slightly over time to 74%. Concurrently the
proportion of infected macrophages showing evidence of bacterial replication also increased over
time, from 8% at 10 and 18 Hrs to 24% by 24 Hrs. This high clearance rate and relatively low
replication rate resulted in only 3% of initially infected macrophages harboring dividing bacteria at
24 Hrs (Supplementary Dataset S5). This is in contrast to studies of Nrampl+/+ 129X1 mice[141]
and Slcllal nonfunctional macrophages which report that replicating Salmonella are preferentially
found in M2 cells[119, 123, 109]. It is also notable that 12956 macrophages surviving to 24 Hrs
while harboring dividing Salmonella are not allowing high division rates, as indicated by only
modest decreases in the inducible fluorescent signal (Figure 2.9), whereas Slcllal nonfunctional
macrophages experience high levels of Salmonella division at 24 Hrs[123, 131]. It is important to
note that Zn was a key factor in both clearance and bacterial replication processes, as reduced zinc
availability correlated with attenuation of both.

This study reveals that 12956 macrophages differs significantly from other model systems
of Salmonella infection which possess a nonfunctional Slcllal. First, 12956 macrophages show a
robust remodeling of metal homeostasis and expression of metal-dependent enzymes, that indicate

the nutritional immunity response within the host differs in the presence of functional Slcllal.
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Second, remodeling of Zn regulatory proteins leads to an increase in cytosolic Zn and a likely
restriction of Zn for the pathogen. This multi-pronged approach ensures sufficient cytosolic Zn to
fight infection and promote bacterial clearance, while still limiting Zn availability to fight against
bacterial replication. Third, transcription of M2-related genes doesn’t correlate exclusively with live
Salmonella exposure or with a lack of bactericidal capacity, suggesting that in this model system the
M2 polarization does not promote bacterial survival. Rather, activation of M1-related genes early
and M2-related genes at later time points correlates with the switch from expression of apoptosis
genes to UPR genes and suggests a choreographed response to fight infection without killing the host
cell. Together, these imply that 129S6 macrophages do not conform well to the M1/M2 expression
dichotomy derived largely from Nrampl nonfunctional macrophages and mice. Instead, they appear

to present a mixed phenotype that effectively uses zinc to quell Salmonella infection.

2.5 Methods

2.5.1 Monocyte extraction from bone marrow

Animal work followed protocol 2547, approved by University of Colorado TACUC. 8-12 week-
old 12956 female mice (Taconic Laboratories) were euthanized by CO2 inhalation according to
TACUC guidelines, followed by cervical dislocation. Femur, tibia and humerus bones were extracted,
then scraped and flushed with ice cold phosphate buffered saline (PBS). Approximately 1 mL of PBS
was used per bone. PBS with marrow cells was passed through a 70 micron nylon mesh FalconTM
Cell Strainer (CorningTM 352350), then overlaid onto an equal volume of Histopaque-1083 (Sigma-
Aldrich) in centrifuge tubes. Tubes were centrifuged at 500 x G for 30 min and allowed to slow
with no brake. Monocytes appear as a fuzzy layer at the fluid interface. These were removed to
clean tubes and washed twice with 14 mL PBS. After the final wash monocytes were resuspended
in a small amount of macrophage growth media and counted with a hemocytometer. Growth media
consisted of DMEM (Sigma-Aldrich) supplemented with 20% fetal bovine serum (FBS), 2 mM

L-glutamine, 1 mM sodium pyruvate, penicillin/streptomycin (50 IU/mL penicillin and 50 pg/mL



o7

streptomycin) and 10 pg/uL recombinant murine macrophage colony stimulating factor (PeproTech,

Inc.).

2.5.2 Primary cell culture and infection

Monocytes were plated into 12-well plates at a density of 200,000 cells per well. 2 mL
macrophage growth media was added to each well and plates were incubated at 37°C and 5%
CO2 for 6 days. Media was refreshed 3 days after plating. Wild type Salmonella Typhimurium
SL1344 was cultured to stationary phase in LB with [antibiotics| at 37°C with aeration. Bacteria
were washed with PBS and opsonized for 30 minutes at room temperature in a 1:1 solution of
mouse serum (Sigma) and cell culture media (Gibco). Bacteria were then pelleted at 13,000 x G
for 1 minute and resuspended in PBS. Half of the bacteria was heat killed at 60° C for 3 minutes,
then placed on ice. One well of macrophages was scraped and counted, and bacteria were diluted
in macrophage media without antibiotics to an MOI of 30. Plated macrophages were washed 3
times with PBS, then treated with antibiotic free macrophage media containing live, heat killed, or
no bacteria. 30 minutes later bacterial media was removed, cells were washed 3x with PBS, and
macrophage media containing 100 g/mL gentamicin was added. 90 minutes later media was again
removed. RNEasy lysis buffer was added directly to wells designated as 2 Hr samples. Macrophage
media with 10 pg/mL gentamicin was added to wells designated as 18 Hr samples. Lysed samples
were collected and frozen at -20 °C. 18 Hrs post Salmonella exposure media was removed from
remaining wells, lysis buffer was added, and cell lysates were frozen at -20 °C. To examine both
early and late immune responses, macrophages were lysed at 2 or 18 hours post bacterial exposure.

Control samples were lysed at the two-hour timepoint.

2.5.3 RNA extraction and sequencing

RNA extraction was done on all samples at once, after one freeze-thaw cycle. An RNEasy kit
(Qiagen) was used, and DNAse I treatment was done on the column. RNA integrity was checked

via Tape Station, and library prep was done with an Illumina TruSeq LT kit which included polyA
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selection. Paired end 75 base sequencing was done on a NextSeq 2.1.0 Illumina machine. Tape

station run, library prep and sequencing were performed by the JSCBB sequencing core.

2.5.4 Data analysis pipeline

R 3.3.0 on the JSCBB computing core was used for analysis of raw data. Data quality was
assessed with fastqc (0.11.2) and the first 10 bases were trimmed with Trimmomatic (0.36). Reads
were mapped with TopHat(2.0.6)/Samtools (0.1.18)/bowtie2 (2.0.2) using —b2-very-sensitive, fr-
firststrand settings. Read counting was completed with EdgeR Subread featureCounts (1.6.0) using
the mm10 gtf file from UCSC (July 2015 version). MetaFeature mapping was paired end, with
both ends mapped, and no MultiOverlap allowed. R 4.0.2 was used for all remaining analysis.
A principal component analysis (PCA) of global RNA expression was performed using EdgeR.
Analysis of differential expression was done with DESeq2 (1.18.1) but the nature of this dataset
violates the DESeq2 assumption that most genes do not change expression between conditions.
Therefore, all genes with differential expression p,q; < 0.05 in binary comparisons were compiled
and excluded from the final dds normalization using the controlGenes parameter. A log ratio test
on the correctly normalized DESeq dataset matrix (dds) with the following function: DESeq(dds,
test="LRT", reduced = 1), and resulted in a list of globally differentially expressed genes. This
dataset (p < 0.01) was further filtered with two Transcripts Per Million (TPM) requirements.
Inclusion in the final analysis indicates that a gene has an overall mean TPM > 5, and at least
one condition with a mean T'PM > 10. The 7766 genes meeting these criteria were fed into
DEGReport R package(1.24.1) for rlog transformation, which produced normalized counts, and
expression clustering, which produced Z-scores. Expression clustering was done with the following
function: degPatterns(cluster rlog, metadata = metadata, time = "Treatment").Heatmap gene
dendrograms were constructed using hierarchical clustering package hclust and ggdendro (0.1.22),
and this gene order was used to construct global and cluster heatmaps with ggplot (Tidyverse R
package 1.3.0). The median value for each plot was set as white. DAVID annotation enrichment

categories were used to assess the makeup of DEGReport clusters. This analysis included functional
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categories, Gene Ontology, Biocarta and Kegg pathways, and protein domains.

In brief, DESeq2 binary comparisons between conditions were fed into GSEA[142] to validate
GO term enrichment and assess transcription targets. More specifically, adjusted p-value ranked
lists were created from DESeq2 differential expression data sets comparing 2A vs. 2HK or 18A
vs. 18HK. For each gene in a given data set, a rank was determined from the padj value (false
discovery rate) and the direction of fold change value (up or down regulation). Rank = -log(padj)
* sign(fold change). All genes with a valid padj value were included. GSEA was used to compare
these ranked lists to validated gene sets. These were: Canonical Pathways, Hallmark gene sets,
GO _Biological Processes, GO _Molecular Functions, and Transcription Factor Targets. Because
GSEA’s default is human gene sets, the mouse genome was collapsed and remapped using the
Mouse Gene Symbol Remapping Human Orthologs MsigDB.v7.2.chip. Gene set permutations were
used in this analysis, which is a less stringent assessment of significance, and produces more false

positive results. Therefore, a cutoff of ¢ < 0.05 was applied to gene set results.

2.5.5 Comparison of current study with Stapels et al, Science, 2018

FASTQ files (GEO accession GSE104785) were downloaded and run through the above
pipeline with the following alterations: Trimmomatic was used to remove Illlumina adaptors, and
alterations were made to mapping and counting based on the unstranded nature of the data. This
differs from the pipeline of Staples et al. in that their data was mapped to the Salmonella genome
prior to the mouse mm10 genome. Additionally, their read counts were performed with HTSeq (ver-
sion 0.6.1) instead of FeatureCounts. To normalize my data with this previously published dataset,
DESeq2 was run on the combined data with the experimental design Treatment, and normalized
counts were calculated. PCA and dendrogram of the Staples dataset were created and compared
with their published heatmap to generally validate my sequencing results (Supplementary Figure
2.17 on page 70).

To assess differences in metal homeostasis genes as comprehensively as possible, mouse specific

lists of genes involved in the transport and homeostasis of metal ions were compiled from the Uniprot
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database. Separate lists were compiled for Zn, Fe, and Cu, and each list was compared against the
normalized counts of the aggregated sequencing studies. Only genes expressed above background

were used for further analysis.

2.5.6 Measurement of cytosolic Zn and Imaging analysis

For quantification of cytosolic labile Zn in primary macrophages, calibration experiments were
performed at the indicated times post infection on a Nikon Ti-E widefield fluorescence microscope
equipped with Nikon elements software, Ti-E perfect focus system, an iXon3 EMCCD camera
(Andor), mercury arc lamp, and YFP FRET (434/16 excitation, 458 dichroic, 535/20 emission),
CFP (434/16 excitation, 458 dichroic, 470/24 emission), and YFP (495/10 excitation, 515 dichroic,
535/20 emission) filter sets. External excitation and emission filter wheels were controlled by a
Lambda 10-3 filter changer (Sutter Instruments), while dichroic mirrors were placed on cubes in
the dichroic turret. Channel EM gain and exposure settings for both YFP FRET and CFP were
set to be the same. Images were collected using a 60X oil objective (NA 1.40), 200 ms exposure
time, EM gain 1 MHz at 16-bit readout mode with an EM gain multiplier of 200, and a neutral
density filter with 25% light transmission. Sensor expression level was controlled by selecting cells
with YFP intensities between 4,000-15,000 fluorescence units under these conditions. 8 fields of
view were collected using multipoint acquisition mode and the Perfect Focus System (PFS) set to
‘ON’ in between points. Cells were maintained at 37°C and 5% CO2 in a LiveCell™ environment
chamber (Pathology Devices) during the experiments. Images were collected every minute during
RResting and Rmin calibration acquisition phases and every 30 seconds during the Rmax calibration
phase.

Fresh calibration solutions were prepared the day of the experiment and include a 2X solution
of Rmin buffer (50uM TPA in PO4*-free HHBSS) for minimum FRET ratio collection and a 2X
solution of Rmax buffer (0.001% saponin + 0.75 uM pyrithione + 23.8nM buffered Zn in PO4*-,
Ca?’-, Mg?*-free HHBSS) for collecting the maximum FRET ratio. The resting FRET ratio of

the sensor was collected for 10 mins prior to calibration to ensure a stable signal. After 10 min of
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imaging 50 pM TPA was added to the dish to collect the minimum FRET ratio of the sensor. Once
a stable signal had been achieved cells were then washed with phosphate, calcium, and magnesium-
free HEPES-buffered HBSS, pH = 7.4 to remove the chelate and then treated with pyrithione and
Zn with 0.001% (w/v) saponin.

All imaging data were analyzed in MATLAB (Mathworks). Images were background corrected
by subtracting a local background intensity from each pixel grouped in a certain region of the image.
Regions of interest were generated by using a segmentation algorithm that segments the image based
on the fluorescence intensity of the FRET ratio channel to obtain single cell traces. FRET ratios
for each cell trace were calculated by dividing the background-corrected YFP FRET intensity by
the background-corrected CFP intensity. The resting, minimum, and maximum FRET ratios for

each cell were used to calculate the fractional saturation, the dynamic range, and the reported |Zn]

w)l/ hill
Rmaz _RRest'Lng

the Kg = 230pM and hill = 0.53 for NES-ZapCV2. The dynamic range of the sensor can be

from the sensor in each cell. Resting [Zn] is calculated by [Zn?T] = Kgx ( where
impacted by both over expression and under expression of the sensor which has a negative impact
on the fidelity of the apparent [Zn|. For this reason, cells were excluded from the analysis if they

fell outside of an acceptable dynamic range, 1.6 — 2.3 for the NES-ZapCV2 sensor.

2.5.7 Flow cytometry study of infection outcome with varied zinc availability

Four different media conditions were used for flow cytometry. Standard macrophage growth
media (DMEM + 20% FBS) was found to contain 25 pM Zn by ICP-MS and was used as the
baseline. The other three medias used chelex-100-treated FBS. Briefly, FBS was treated with
Chelex 100 resin (Sigma-Aldrich, St. Louis, MO, USA) for 5 hours, stirring at 4°C, followed by
sterile filtration using a 0.22 pm PES membrane filter. This chelex-treated FBS was used to pre-
pare the baseline Chelex media, which contained DMEM + 20% FBS + L-glutamine (2 mM) +
sodium pyruvate (1 mM). Zn replete media was made by adding 30 pM ZnCI2 (Sigma-Aldrich,
St. Louis, MO, USA) to Chelex media. Media with essentially no Zn was made by adding 3 pM

2-[Bis(2-pyridinylmethyl)amino]ethylaminobenzenesulfonic (ZX1, an extracellular Zn chelator[143])
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(Strem Chemicals, Inc.) to Chelex media. ICP-MS measurements were carried out as described
previously[144] to quantify the metal content of the media. While Chelex treatment depleted Zn,
Ca, and Fe, the Zn replete, Chelexed media, and Zn deficient media are identical except for the
amount of zinc present in the media (34 uM, 4 uM, no Zn, respectively).

For analysis of intracellular bacterial replication, monocytes from three mice were grown and
differentiated to macrophages in 6 well plates. Six days later, Salmonella expressing pDiGc and
induced with arabinose were grown to stationary phase with aeration. Macrophages were infected
with Salmonella at a multiplicity of infection of 30, and infection proceeded for 45 min. At this
point Salmonella media was removed, cells were washed 3x in PBS, and initial inoculum cells were
collected by scraping with a nylon cell lifter (Corning™ C3008) and homogenized by pipetting gently
with a P1000. Homogenized cells were fixed in a gentle fixative for preserving fluorescent protein
fluorescence (1% PFA and 1% sucrose) for 15 min and then washed and resuspended in PBS and
chilled at 4°C. Media in all other samples was changed to experimental conditions which included
10 pg/mL gentamicin. Three wells were treated with each media, for each time point. At 2, 10,
18 and 24 Hrs post infection, cells were rinsed, lifted, fixed and chilled as above. Samples were
analyzed on a BD FACSCelesta™ (BD Bioscences) collecting forward scatter area and width, side
scatter area and width, 488 nm excitation 530/30 nm emission, and 561 nm excitation and 585/15
nm emission. Data were analyzed using FlowJo 10.5.3 software (FlowJo LLC).

The cell gating hierarchy was set as Single cells > GFP positive cells > Cells containing
replicated bacteria. 25-30,000 single cells were collected per sample. Single cells were determined
first by forward scatter area versus side scatter area then by side scatter width versus side scatter
area. Non-fluorescent uninfected cells were used to set the gate for GFP positive cells. A ratio
of the 488 nm channel to the 561 nm channel was taken by dividing 488 nm intensity by 561 nm
intensity. Samples collected at 2 Hrs post infection were used as the “initial inoculum” to determine
the fluorescence intensities for cells infected with bacteria that have not undergone replication.
Cells containing replicated bacteria were gated as having a 488 nm:561 nm ratio above the initial

inoculum.
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Figure 2.10: Clustered data exposes multiple distinct trends in gene expression (groups
3, 16, 11, 16, 7, 9). A) Cluster 3 is enriched in genes involved in transcription and translation,
cell adhesion, Zn binding (beyond transcription factors), cell cycle, and kinase signaling pathways.
B) Cluster 6 is enriched for cell adhesion, actin binding, translation (preinitiation and initiation),
immune responses to specific diseases, ATP binding, protein transport (secretion and retrograde
transport), and heat shock. C) Cluster 11 is enriched for transcription, Zn binding, DNA repair and
autophagy. Transcription and Zn overlap on 40/80 genes. D) Cluster 16 is enriched for mitochondrial
transit peptides, ATPase/kinase function, Golgi proteins, immunity, and fatty acid metabolism. E)
Cluster 7 is enriched for cell adhesion, ER protein processing, unfolded protein response, redox, and
proteasome proteins. F) Cluster 9 is enriched for genes involved in TNF signaling and response to
lipopolysaccharide (LPS), ER functions, and cytokines/inflammatory response.
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Figure 2.11: Clustered data exposes multiple distinct trends in gene expression (groups
14, 19, 13, 16). A) Cluster 14 is enriched for genes involved in innate immunity, Zn binding, and
transcription. B) Cluster 19 is enriched for transcription and mitosis related genes, and Zn finger
motifs. C) Cluster 13 is enriched for genes involved in transcription, Zn binding, ubiquitylation,
redox, and Golgi transport. D) Cluster 15 is enriched for genes involved in endosome functioning,
redox, Zn binding, and those with transmembrane domains.
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Figure 2.12: Clustered data exposes multiple distinct trends in gene expression (groups
4 and 5). A) Cluster 4 is enriched for apoptosis regulation and transcription/nuclear functions.
B) Cluster 5 is enriched for RNA processing functions.
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Figure 2.13: Clustered data exposes multiple distinct trends in gene expression (groups
17, 12, 20, 18). A) Cluster 17 is enriched for protein transporters and Zn binding. B) Cluster
12 is enriched for ATP binding, Zn and metal binding, transcription and protein transport. C)
Cluster 20 is enriched for transcription, apoptosis, and Zn binding. D) Cluster 18 is enriched for
ATP binding, glycoprotein/disulfide modifications, and membrane functions.
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Figure 2.14: GSEA analysis of Hallmark gene set TNFa signaling via NF-kB. Each panel
shows a GSEA enrichment plot and a hierarchically clustered expression heat map of the leading
edge genes from that GSEA plot. The leading edge genes are all vertical black lines on the positive
end of the spectrum, down to the point of maximum Enrichment Score. Enrichment plots were
constructed based on a ranked gene set of differential expression data (either A2 vs HK2 or A18 vs
HK18). A) At 2 Hrs the TNF« signaling via NF-xB gene set is strongly enriched in response to live
vs HK Salmonella. (q = 0.000, NES = 2.42) B) At 18 Hrs the TNFu signaling gene set has been
dampened somewhat, though it is still enriched in live vs HK conditions (q = 0.002, NES = 1.88),
and while there is a core set of 32 genes upregulated at both time points, there are 15 fewer leading
edge genes at 18 Hrs than at 2 Hrs. UE: unexposed control; HK: heat killed; g: false discovery rate;
NES: Normalized Enrichment Score from GSEA.
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Figure 2.15: FACS analysis of infected 12956 BMDMs clustered by time post infection.
These histograms of flow cytometry data indicate the GFP signal from macrophages infected with
Salmonella expressing pDiGe at 2, 10, 18 or 24 hours post infection. At each time point, Zn replete
medias (normal macrophage growth media, serving as a positive control, and Media with Chelex-
treated FBS + 30puM Zn) showed more robust bacterial clearance than Zn depleted media (Media
with Chelex-treated FBS) or Zn deficient media (Media with Chelex-treated FBS + ZX1 extracel-
lular Zn chelator). A) 2 Hrs post infection. B) 10 Hrs post infection. C) 18 Hrs post infectiomn.
D) 24 Hrs post infection. Blue ‘chelex+zinc’ curve is directly behind the purple macrophage media
curve, both showing almost 100% bacterial clearance.
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Figure 2.16: Heatmaps of the gene clusters III and IV that were defined in Stapels
et al. After processing Stapels’ data and normalizing it with my own, I mapped the expression
values of the genes in Stapels’ cluster III (M1 in character) and IV (M2 in character). Genes in
each cluster that were differentially expressed (q < 0.01) in binary comparisons of A18 vs HK18 or
G vs BY and expressed above background are included here. Staples et al hypothesize that this
differential expression indicates an M2 phenotype that is being induced by the presence of live,
growing Salmonella. Overwhelmingly though, these genes are DE in Stapels’ data and not between
my alive and HK conditions, supporting the idea that 12956 macrophages represent a distinct model
system.
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Figure 2.17: PCA and dendrogram showing Stapels et al’s data analyzed with my
pipeline. A) PCA of all 15 of Stapels’ samples after their FASTQ files were trimmed, mapped and
counted using my pipeline. PCA produced with EdgeR. B) Dendrogram demonstrating hierarchical
clustering of Stapels’ samples and ours, normalized together in DESeq2.



Chapter 3

Future Directions

3.1 Fluorescent imaging of macrophages under Zn manipulation conditions

Because Zn is essential to both macrophage immune function and survival of Salmonella within
macrophages, I wanted to show that altered Zn availability during infection induced a measurable
phenotypic change. In collaboration with Mike Minson, 1 altered the availability of Zn in the
media during infection but after bacterial internalization. I wanted to know which, if either, of the
contestants would profit or suffer from altered Zn, and the outcomes we measured were macrophage
killing of Salmonella and Salmonella replication within macrophages. I reasoned that if macrophages
were attempting to starve Salmonella of Zn then lowering its media availability might improve
Salmonella clearance or suppress Salmonella division. On the other hand, if Salmonella were being
poisoned with Zn and its availability was reduced, this might subdue clearance and/or improve
replication.

In this study we infected Macrophages with Salmonella containing the pDiGc plasmid, which
expresses GFP constitutively and DSRed when induced with arabinose. The initial ratio of expres-
sion between GFP and DSRed is set as 1:1, and as bacteria divide in the arabinose free macrophage
phagosome, the GFP signal will remain constant between mother and daughter cells, while the
DSRed signal will be divided equally between daughter cells. This means that the GFP:DSRed
will decrease in each subsequent generation of Salmonella daughter cells produced, allowing us to
track bacterial replication. Bacterial clearance is determined based on the loss of the GFP signal,

which is quickly quenched upon bacterial death within macrophages[145]. The initial infection rate
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is determined by the fraction of macrophages expressing GFP immediately after the infection time
period, and this s compared to subsequent ratios of GFP+ : GFP-.

The group that developed this reporter plasmid[146] tested it in Salmonella grown in three
conditions: broth, within RAW264.7 cells and within C57BL/6 primary mouse macrophages. They
then conducted flow cytometry on individual bacteria, either removed from broth or collected and
fixed after macrophage lysis. This provided single-Salmonella granularity regarding bacterial repli-
cation/DSRed dilution, which was the focus of their work. With all conditions they saw red dilution
over time, and distinct populations were seen at each time point in broth and RAW264.7 grown
Salmonella. While this validated the plasmid functionality, it did not preserve data on macrophage
infection rates.

Our goal was to acquire data on infection clearance rates and intracellular Salmonella replica-
tion rates on the scale of single macrophages. At the conclusion of the infection, we gently lifted the
macrophages, made a single cell suspension, and fixed them along with their internalized Salmonella.
This provided data on the ratio of cells that remained infected, and therefore the infection clearance
rate. However, DSRed signal was necessarily collected on a small population level, as all Salmonella
within a given macrophage were interrogated for fluorescence together. While this does not give
clear cut replication populations, it does show a ’tail’ of DSRed signal loss indicative of replication.
Taken together these data demonstrated what was occurring within macrophages which had not
cleared the infection at each time point. That is, I could quantify how many macrophages contained
undivided vs divided Salmonella for each condition.

Initially I had planned to use fluorescent imaging studies to expand and validate our flow
data by imaging the fixed cells remaining after flow cytometry was completed. I hoped to visualize
the populations we saw in the cytometry and gather some semi-quantitative data regarding the
percent of cells infected, and the percent with replicating Salmonella. 1 also wanted to validate that
the multiplicity of initial infection was similar across cells, as it appeared in the cytometry data.
However, these cells were not flat and adherent like living macrophages during imaging, but were

in solution and roughly spherical. It was very difficult to get more than a few cells in a given plane,
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even after centrifugation and plate coating. 1 was also concerned that over time the fluorescent
signals might degrade or otherwise produce artifacts, so this experiment was not pursued.
However, I would like to repeat the infection experiment we conducted with the sole aim of
imaging. This would allow me to infect macrophages in imaging dishes and then fix them while
they were still adhered, which would vastly improve the quality of data I could collect. I believe

this is the next experiment that should be conducted in this project.

3.2 Long term live imaging of macrophages expressing ZapCV2 and treated

with heat killed Salmonella.

My RNAseq data unexpectedly revealed that there were significant expression differences
in specific Zn importers, as well as both M{ Zn buffering genes, between live and heat killed
(HK) Salmonella conditions, and that these changed over time. These differences indicate that
that macrophage Zn handling and cytosolic [Zn] concentrations may be partially dependent on
Salmonella status. To corroborate this, fluorescent imaging of cytosolic Zn at multiple time points
in macrophages treated with either live or HK Salmonella would be invaluable. I have this data for
live Salmonella infection, and this future direction suggests completing the dataset with long term
imaging of macrophages with HK Salmonella.

Collecting this data should be relatively straightforward, and would involve transfecting the
cytosolic Zn FRET sensor ZapCV2 into macrophages, allowing them to recover, and treating them
with HK Salmonella at an MOI of 10. A live Salmonella treated well will be imaged in tandem
as a positive control. If I see differences in cytosolic [Zn| trends between live and HK conditions,
then the few Zn transporters with significant differential expression between live and HK conditions
might be worth scrutinizing. In my data Slc39a13 (ER/Golgi) and 14 (plasma membrane (PM))
are more highly expressed in HK conditions at 2 Hrs. By 18 Hrs both of these genes are more highly
expressed in alive conditions, as are Slc39a6/8 (PM), while Slc39a10 (PM) simultaneously shows
lower expression. The data I propose to collect would help to dissect which of these expression

changes might have the biggest effect during infection.
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The Mt data is particularly interesting, since cytosolic Zn levels directly affect metallothionein
(Mt) expression via the Zn sensing transcription factor MTF1. Because of this, Mt expression
levels are often used as a proxy for cytosolic [Zn]. In my data, Mt! and Mt2 expression increases
dramatically and similarly in both live and HK conditions at 2 Hrs post infection. At 18 Hrs this
expression level is maintained for live treated conditions, but levels in HK conditions have been
suppressed significantly for both Mts, with Mt! back to baseline expression. Interestingly, the
cytosolic [Zn] changes seen in imaging do not entirely match with the Mt expression seen. If this
is also the case for HK Salmonella treatment, it will be an indication that Mt is being regulated in
response to some other stressor, like oxidative stress. It will also point toward the conclusion that
Mt gene expression is not a good marker of cytosolic [Zn| during infection in this system.

This experiment was planned but not fully carried out, after imaging of the treated macrophages
showed that many Salmonella had survived the heat shock. Though the same temperatures and
times were used for this as for heat killing in my RNAseq experiment, this time the Salmonella
were heated and cooled while pelleted with little supernatant. It appears that dry heat is much less

damaging to Salmonella than is wet heat|147].

3.3 SpiroZin2 to interrogate Zn levels within the Salmonella containing

vacuole

Quantifying Zn within the phagosome would provide direct evidence as to whether Salmonella
experiences Zn limitation during infection. Measurement of Zn in the cytosol corroborated my
predictions from RNAseq, namely that increases in Zipl4 and Mt expression are consistent with
increases in cytosolic Zn. While my RNAseq data predict that Zn in the secretory pathway and
phago-lysosomal compartment will decrease in infection, I did not directly measure this. Having
a Zn FRET sensor able to maintain fluorescence within an acidified compartment would be ideal
because ratiometric sensors are more robust than intensity-based sensors. In the absence of that, I
would like to attempt phagosomal Zn sensing using SpiroZin2. This small molecule probe reliably

localizes to acidified compartments[65] and the Palmer Lab lab has validated its ability to measure
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|Zn] fluctuation in lysosomes|[30]. While this measurement would not be ratiometric, with correct
in situ calibration I think this sensor could be used to give us valuable information about rela-
tive Zn levels in phagosomes. This measurement would help establish whether Salmonella indeed
experience Zn limitation and provide insight into the nuanced way that macrophages utilize Zn
for nutritional immunity. As presented in Chapter 2, I have evidence that Zn availability during
infection is important for the macrophage to clear the infection. But Zn also promotes Salmonella
replication. Therefore, observing the extent and timing of [Zn| flux in the phagosome will be a
valuable component of understanding this infection system.

While pH is a confounding factor for many small molecule Zn probes, SpiroZin2 is insensitive
to fluctuations from pH 3 to pH 7. Phagosomal pH has been estimated as 4.99 — 7.55, depending
on the activation state of the cell[148], which should not perturb SpiroZin2. This insensitivity to
pH is likely due to SpiroZin2’s chemistry. Many small molecule fluorescent sensors are based on
photoinducible electron transfer (PET), which quenches fluorescence unless bound by Zn, but can
also be disrupted by protons. Instead, SpiroZin2 fluorescence is “turned on” by a chemical reaction.
When Zn binds, spirobenzopyran is converted to fluorescent cyanine dye in a ring opening reaction,
which is much less readily perturbed.

Another issue with small molecule dyes is that dye internalization between cells can be in-
consistent, which causes apparent resting [Zn| to be inconsistent as well. Han et al. report a
normalization technique which uses they dye’s apo state, after treatment with the Zn chelator TPA,
to normalize the resting state fluorescence[30]. With this normalization SpiroZin2 fluorescence was
consistent and uniform across several cell types.

Experimentally, I would validate the localization of SpiroZin2 with acidic compartments in
12956 macrophages using colocalization studies with LysoTracker Green, and then perform Zn titra-
tions to determine the dynamic range of the sensor in these cells. However, phagosomes will not
acidify immediately upon bacterial engulfment and in fact pro-inflammatory macrophages demon-
strate slower acidification and higher ultimate pH|148]. Because of this I will need to infect with

GFP expressing Salmonella and optimize the timing of SpiroZin2 addition post infection to ensure
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that the sensor localizes to the phagosome. Additional Zn titrations under infection conditions may
also be necessary. If variations in phagosomal Zn are discernable during infection, I would repeat
the experiment under varying levels of Zn availability, to parallel our flow cytometry fluorescence
dilution study. Additionally, I would track phagosomal Zn after engulfment of FP tagged heat-killed
(HK) Salmonella, to determine if phagosomal Zn levels have a relationship to the live vs HK status

of the Salmonella.
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