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ABSTRACT OF THE DISSERTATION

Development and Function of Hematopoietic Cells
By
Ankita Shukla
Doctor of Philosophy in Biological Sciences
University of California, Irvine, 2019

Professor Matthew Inlay, Chair

This work focuses on the development and function of hematopoietic cells. First, this work
identifies a novel marker CDI11a, which distinguishes various tissue resident macrophage
populations from bone-marrow derived cells that may colonize a tissue during inflammation. In
the context of Alzheimer’s disease, it is determined that myeloid cells that cluster around amyloid
plaques are actually brain resident microglia, not infiltrating peripheral macrophages. Using
CDl11a, a novel quantification technique is also described, which demonstrated microglia
proliferation and increased T cells infiltration in the AD mice. Additionally, we outline how
CD11a expression patterns in various tissue resident macrophage (trMac) populations may help
determine the developmental relationships between these cells. We corroborate other studies that
microglia in the brain and Langerhans cells in the skin come from erythro-myeloid progenitors
that arise in the embryonic yolk sac (YS). Additionally, we also provide evidence that some
hematopoietic stem cells also arise from the mesoderm in extra-embryonic tissue, such as the YS,
placenta as well as the vitelline vessels. Using the HoxB6-CreER lineage tracing system, we

demonstrate that Y'S hematopoiesis is critical not just for trMacs, but also for HSC development.
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INTRODUCTION

Opening Statement

The work presented here has two main focuses: determining the role of specific
hematopoietic cells in the context of Alzheimer’s Disease (AD), and defining the origins of
hematopoietic stem cells (HSCs). First, this work will focus on microglia, the tissue resident
macrophages (trMacs) of the brain, and their role in AD. Specifically, this work will provide a
novel way to distinguish trMacs from peripheral immune cells that may contribute to disease
pathology using CD11a as a marker. This work also explores the origins of trMacs, which arise
early during embryonic development, seed tissues all over the embryo body and, in some cases,
are replenished through self-renewal independent of HSCs throughout adult life. Secondly, the
developmental origins of HSCs will be explored. Because HSCs can give rise to all cells of the
blood and immune system, they have the potential for curing blood disorders and cancers. Defining
the milieu in which they originate can help mimic this process in vitro to generate induced

pluripotent stem cell (iPSC)-derived HSCs.

Overview of Alzheimer’s Disease

Alzheimer’s Disease (AD) is the sixth leading cause of death in the United States. It
currently affects 5.8 million Americans, which is supposed to rise to 14 million by the year 2050.
AD and other dementias cost the nation close to $300 Billion each year (Alzheimer’s Association,
2019). This devastating disease is characterized by progressive memory loss, cognitive function,
and eventually loss of basic daily functions. These symptoms arise from two main hallmarks of
AD pathology: the deposition of extracellular beta-amyloid (ARB) peptides as well as intraneuronal

tangles of hyperphosphorylated tau protein (Alzheimer, 1907; Hardy & Selkoe, 2002; Stelzmann,



Norman Schnitzlein, & Reed Murtagh, 1995). While, AB is effectively cleared in heathy brains,
the peptides are mis-cleaved and form neurotoxic aggregate in the AD brain (Hardy & Selkoe,
2002; Lemere et al., 2003) In addition, AD is also associated with significant synaptic loss, which
leads to a lot of cell death in the brain (Figure A), and causes the cognitive decline (Carter &

Lippa, 2005; DeKosky & Scheff, 1990; Masliah et al., 2001).
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Figure A: Cell death in Alzheimer’s Disease. Widespread
cells death occurs and the brain shrinks dramatically in AD
compared to a healthy brain. As disease progresses, cell
death affects all regions of the brain, though the cortex is
most severely affected in AD. Image adapted from
Alzheimer’s Association.

Currently, there are only five FDA-approved drugs which treat cognitive symptoms and
mostly for mild to moderate stage AD (Alzheimer's Association 2019; Russ & Morling, 2012;
Schneider, 2012). However, these drugs only mitigate symptoms and do not treat the disease-
causing pathology or delay the progression of the disease (Ahmed et al., 2016; Canter et al., 2016;
Schneider, 2012). Many drugs currently in development aim to do just this. Future drug targets
include the parent amyloid precursor protein (APP), and the two enzymes responsible for mis-
cleaving it in AD, beta- and gamma- secretases (Selkoe & Podlisny, 2002). Other drugs aim to

target tau protein, which helps maintain the structure of neurons by associating with microtubules



(Citron, 2010; De Calignon et al., 2012; Kosik et al., 1986). However, clinical trials face challenges
in understanding the disease, in addition to accurate and timely diagnosis and recruiting stage-

appropriate participants.

Role of hematopoietic cells in AD

In recent years, tremendous efforts have been made to understand the role of the immune
system in AD. The immune system consists of hematopoietic cells of myeloid and lymphoid
lineages. The focus on neuroinflammation was prompted in part by the genome-wide association
studies (GWAS) that implicated disease-related polymorphisms in genes related to the myeloid
cells (Bradshaw et al., 2013; Griciuc et al., 2013; Guerreiro et al., 2012; Heneka et al., 2015;
Siddiqui et al., 2017; Wang et al., 2016). The primary myeloid cell in the brain are the tissue-
resident macrophages (trMacs), called microglia. Therefore, microglial ontogeny and function in
health and disease have been studied extensively. Microglia, like other trMacs are derived from
early precursors that originate in the yolk sac, which will be discussed later in this chapter as well
as in Chapter 2. In the adult brain, microglia are maintained through local proliferation (Ajami et
al., 2007; Elmore et al., 2014; Ginhoux et al., 2013; Mildner et al., 2007). In a healthy brain,
microglia perform the role of immune surveillance and phagocytosis. In addition, they have
recently shown to be critical for synaptic pruning, which is critical for neurogenesis (Hong et al.,
2016; Nimmerjahn et al., 2005; Sierra et al., 2010; Stephan et al., 2012). In neuroinflammation,
microglia become activated and alter their ramified morphology as well as surface marker
expression and function. Activated microglia become more ameboid in shape, like other

macrophages (Grete et al., 2015; Nimmerjahn et al., 2005). Additionally, activated microglia also



secrete many cytokines that may recruit peripheral macrophages from the blood (D’Mello et al.,

2009; von Bernhardi et al., 2015).

Blood-Brain- Is it a Barrier or a Wall?

The brain was initially considered an “immune privileged” organ (Abbott et al., 2010;
Schwartz & Kipnis, 2011); however the “leakiness” of the blood brain barrier (BBB) in AD has
been more carefully studied in recent years. The BBB consists of endothelial cells which are
supported by pericytes and astrocytes. The support cells are critical for functional barrier properties
of the BBB (Daneman, 2012; Zenaro et al., 2017; Zhao et al., 2015). The barrier properties include
tightly regulated transport of limited nutrients and metabolic waste in and out of the brain (Winkler
etal., 2015; Winkler et al., 2011). While this exact property hinders therapeutics from entering the
brain, barrier dysfunction may also be partially responsible for defect in AB clearance in AD
(Lemere et al., 2003; Winkler et al., 2015; Zhao et al., 2015). Another crucial function of the BBB
is to prohibit pathogens as well as peripheral blood cells from entering the congested brain
parenchyma. During neuroinflammation, barrier properties may be altered allowing peripheral
immune cell infiltration into the brain parenchyma (Galea et al., 2007; Greter et al., 2005;
Ransohoff, Kivisdkk, & Kidd, 2003; Shechter et al., 2013). If peripheral immune cells from the
blood were to enter the limited and already crowded space of the CNS, does this infiltration
exacerbate or ameliorate AD pathology?

In human AD and mouse models, myeloid cells have been observed to cluster around Af3
plaques (Haga et al., 1989; Jay et al., 2015). However, whether these plaque-associated myeloid
(PAM) cells are brain-resident microglia or peripheral monocytes-derived macrophages would

depend on the permeability of the BBB in AD. This remains highly contested. GWAS implicated



two main AD risk genes, APOE and CD2AP, which are both important for the integrity of BBB
(Lambert et al., 2013; Zhao et al., 2015; Zlokovic, 2013). However, other studies contest the
leakiness of the BBB in human and mouse models of AD (Bien-Ly et al., 2015). However,
infiltration of peripheral cells also relies on cytokines secreted by CNS cells that help recruit them
into the parenchyma (D’Mello et al., 2009; Wang et al., 2016). These chemo-attractants are
upregulated in AD brains (Cazareth et al., 2014; Goldeck et al., 2013; Moynagh, 2005; Tripathy
et al., 2007). Thus, deciphering whether PAMs are microglia or peripheral macrophages relies on
marker expression and morphology. To accurately define the role of immune cells in the AD, it is

critical to unequivocally identify them. This will be the focus of Chapter 1.

CDlla

This work focuses on CD11a as a stable marker to distinguish infiltrating hematopoietic
cells from the brain-resident microglia in the various neuroinflammatory contexts. CD11a (integrin
aL; Itgal) and CDI18 (integrin 32) heterodimerize to form the Leukocyte Function Associated
Complex 1 (LFA1). However, CD18 can form heterodimers with CD11b (to form Maclor LFA2)
as well as CD11c (to form LFA3). Thus, LFA1 is defined by the a subunit CD11a. LFA1 is an
adhesion molecule which is expressed on the surface of all leukocytes (Hynes, 1987; Kishimoto
et al., 1989). LFAL1 interacts with ligands with extracellular matrix proteins and cell adhesion
molecules, such as ICAM1 (Hynes, 2002). LFA1 is crucial for immunological synapse formation,
migration of leukocytes as well as activation of lymphocytes (Larson & Springer, 1990; Shaw et
al., 2004). Integrins, including LFA1, unfold upon activation. This conformation change from the
folded position is required for migrating leukocytes in the blood stream to begin the process of

rolling adhesion (Abram & Lowell, 2009; Lum et al., 2002). This adhesion to its ligand ICAMI,



allows neutrophils to extravasate into tissues (Abram & Lowell, 2009; Lum et al., 2002; Salas et
al., 2006). Thus, CD11a is important for leukocyte extravasation into tissues during inflammation.

Certain chemokines and cytokines can also induce expression of and activation of the
LFAT1 integrin. Signaling cascades induced by the binding of selectins to their ligands have also
been found to initiate the cell-intrinsic changes in LFA1 conformation to an active form. This
“inside-out” signaling is thought to increase binding of LFA1 and ICAM1 (Abram & Lowell,
2009). LFA1-ICAMI interaction is also important for the formation of immunological synapses
between antigen-presenting cells and lymphocytes (Grakoui et al., 1999; Green et al., 2006; Lopez-
Rouriguez et al., 1995; Luo, Carman, & Springer, 2007; Semmrich et al., 2005). Indeed, multiple
studies have demonstrated inadequate immune responses in CD11a knockout mice (Ghosh et al.,
2014; Schmits et al., 1996). Thus, LFA1, and therefore CD11a, has also implications in antigen
presentation. Given its widespread expression on almost all effector cells, as well as relevant
immunological functions, in Chapter 1, we will explore whether CD11a can be used as a marker

for peripheral cells and distinguish them from brain resident microglia.

Embryonic Origins of Adult Hematopoietic Cells

Questions related to the unique identity and function of tissue resident macrophages
(trMacs) compared to their bone marrow-derived cousins is not limited to the CNS. Thus, CD11a
expression on other trMacs, besides microglia, will be explored in Chapter 2. All macrophages
share surveillance capabilities, which they use to respond to tissue-specific functions (A-Gonzalez
et al., 2017; Godwin et al., 2013; Hoeffel & Ginhoux, 2018; Lavin et al., 2015; McGrath et al.,
2015; Squarzoni et al., 2014; Thion et al., 2015). Additionally, as long-lived cells trMacs are more

elastic responders to tissue-specific cues through epigenetic modifications (Alvarez-Errico et al.,



2015; Amit et al., 2016; Lavin et al., 2014). Thus, like microglia, all trMacs are promising targets
for autoimmune diseases, neurodegenerative disorders as well as cancers. For a fuller
understanding of trMac function, studies have relied on first understanding the mechanisms
involved in their development. Important breakthrough in the field happened when studies reported
that microglia, trMacs of the brain, and Langerhans Cells, trMacs of the skin, were resistant to
high doses of irradiation, unlike all bone marrow derived cells (Ajami et al., 2007; Merad et al.,
2002). This indicated that trMacs, at least in part, were derived from embryonic hematopoietic
precursors.

The process of trMac development is as dynamic as the plurality of the functions
that their embryonic precursors serve. Hematopoietic cells in the developing embryo have two
main functions: to oxygenate developing tissues through differentiated red blood cells, and to
establish the hematopoietic stem cell compartment. Thus, embryo hematopoiesis can be divided
into two “waves”: the primitive wave and the definitive wave (Figure B). In mice, the primitive
wave begins in the extra-embryonic mesoderm (EEM) of the yolk sac (YS) at embryonic day (e)
7.5. These cells consist mainly of nucleated erythrocytes, as well as early bipotent progenitors
capable of producing erythroid cells and YS macrophages, known as erythro-myeloid progenitors
(EMPs). These cells remain in the YS by forming blood islands with sparse endothelial cells away
from the developing embryo (Ferkowicz & Yoder, 2005; Lux et al., 2008; Moore & Metcalf, 1970,
J Palis, 2001; J Palis et al., 1999; James Palis, 2014). Until the establishment of blood circulation
around €8.5-9.0, blood cells are only found in the YS. These cells begin to migrate throughout the
embryo at the onset of circulation, including in the brain (Alliot et al., 1999; Alliot et al., 2006).
Several fate mapping studies have shown microglia are derived from these early YS EMPs

(Ginhoux et al., 2010b; Kierdorf et al., 2013b). Using fate mapping systems, strong evidence also



suggested the presence of hemogenic endothelial cells (HECs) that gave rise to these EMPs at 7.5

but not after E9.5 in the YS (Goldmann et al., 2016; Gomez Perdiguero et al., 2015a).

Placenta

Yolk sac
’ Blood islands

vessels

E7.0 E8.25 E9.0 E10.5

Embryonic stage
E7.0 E8.25 E9.0 E10.5 E14.5 Birth Adult

Primitive [EMPs

Wave emerge Microglia
Transient Fetal

EMPs
Definitive Wave Monocytes TrMacs
Definitive Wave Pre-HSCs/HSCs Bone Marrow

Monocytes

Figure B: Waves of hematopoietic cell development. The first blood cells appear in the yolk sac
at €7.0 and consist mostly of nucleated “primitive” red blood cells along with early EMPs that give
rise to YS macrophages, which seed the brain and give rise to microglia. The definitive wave
begins at the onset of circulation around €8.5-9.0. Mature EMPS are found throughout the embryo
at this time which can give rise to erythroid and myeloid cells and form the basis of tissue resident
macrophages. Fetal monocytes that emerge at e12.5 replace some of these YS derived EMPs and
give rise to adult tissue resident macrophages. HSCs and their precursors cells first emerge
independently and well after EMPs have seeded different tissues. PreHSCs seed the fetal liver
around e11.0 and give rise to mature, long-term and transplantable HSCs, which eventually seed
the bone marrow after the mouse is born. Image adapted from Hoeffel & Ginhoux, 2018.

While primitive Y'S macrophages continue to colonize the whole embryo till e13.5, in adult
mice, only microglia retained labeling in Runx1-CreEr model, suggesting that replacement of early

macrophages in other tissues (Ginhoux et al., 2010; Hoeffel et al., 2012, Hoeffel et al., 2015).



Mature EMPS that rely on c-Myb activity emerge around €8.5-9.0 simultaneously with the
establishment of circulation. These EMPs are capable of producing definitive, enucleated RBCs,
megakaryocyte and myeloid progenitors, which produce macrophages through a monocyte
precursor (McGrath et al., 2015; James Palis, 2016; Tober et al., 2007). However, the
developmental relationship between the early and mature EMPs is unclear. In any case, these
EMPs develop prior to and continue to flourish independent of HSC development (Figure B).
Definitive hematopoiesis is initiated within the developing blood vessels of the Y'S at 8.5 placenta
as well as within the embryo proper at €10.5 (Bertrand et al., 2010; Boisset et al., 2010; Hoeffel &
Ginhoux, 2018; Kissa & Herbomel, 2010; Mikkola, Gekas et al., 2005).This is also when mature
EMPs, defined as Ckit+, CD41+, and FC,R+, arise that give rise to most myeloid and mature
erythroid cells (McGrath et al., 2015; Naito et al., 1990). While these EMPs are transient, they see
various tissues and give rise to most trMac population in the adult (Gomez Perdiguero et al.,
2015a). Namely, EMPs give rise to microglia in the brain, Langerhans cells in the epidermis,
Kupffer cells in the liver, as well as lung Alveolar macrophages etc.

In recent years, another population of fetal myeloid cells was discovered that is thought to
replace most YS EMPs, and in turn give rise to trMacs, except in the brain. At el2.5, fetal
monocytes begin to develop in the fetal liver (Hoeffel et al., 2012, 2015; Hoeffel & Ginhoux,
2018b). These FL monocytes colonize every tissue by €13.5. Indeed, lineage tracing studies found
evidence that myeloid precursors are replace by the FL. monocytes after e14.5 in skin, as well lunch
trMac populations (Ginhoux & Merad, 2010; Guilliams et al., 2013; Guillaume Hoeffel &
Ginhoux, 2018a; Guillaume Hoeffel et al., 2012; Sheng, Ruedl, & Karjalainen, 2015). Another
lineage tracing study show that all tissue resident macrophage populations are labeled after e14.5

in a fetal liver monocytes-specific system, and concluded that most trMacs are derived from these



monocytes that replace prior YS macrophages that may have seeded the tissues (Guillaume Hoeffel
etal., 2015). The exact developmental relationship between this between the early and late myeloid

progenitors still need to be explored.

Where do HSCs come from?

Concurrent with EMP development, the HSC compartment also begins to form at various
sites in the developing embryos. Bona fide HSCs have three hallmark characteristics: longetivity,
multipotency and engraftability. These stem cells last throughout the lifetime, are able to give rise
to blood cells of all lineages and are able home to the bone marrow niche upon transplantation (see
Figure C). Multipotent hematopoietic progenitors have been observed to emerge from HEC in
murine embryos starting at €9.5 (Batsivari et al., 2017; Gekas et al., 2005; Inlay et al., 2014;
Rhodes et al., 2008; Swiers et al., 2010). These are thought to be the putative precursors to HSCs,
or Pre-HSCs. These pre-HSCs are capable of producing all mature blood lineages, but can only
engraft in newborn recipients, or need to be matured first ex vivo (Taoudi et al., 2008; M. C. Yoder,
Hiatt, & Mukherjee, 2002; M. Yoder & Hiatt, 1997a; Yoder et al., 1997b). Though Pre-HSCs
number peak at el 1.5, they are still considered a rare population (Inlay et al., 2014; F. Zhou et al.,
2016). Studies have shown that the first transplantable, a.k.a “repopulating units” or HSCs, appear
in the YS, placenta, the dorsal aorta of the Aorta-Gonad-Mesonephros (AGM) region as well as
vitelline and umbilical vessels at €10.5 (Bertrand et al., 2004; de Bruijn & Speck, 2000; Gekas et
al., 2005; Kumaravelu et al., 2002; Miiller et al., 1994). After el1.5, all of hematopoiesis takes
place in the FL until the bone marrow niche is established (Miiller et al., 1994). Thus far, numerous
studies established development of HSCs takes place in multiple waves as well as signals required

for it. There is, however, a lot of debate about the birth place of HSCs.
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Figure C: The hematopoietic tree. Long-term HSCs give rise to all the cells of our immune
system. HSCs are able to long-lived due to their ability self-renew. They are capable of
homing to their niche in the bone marrow. HSCs themselves are quiescent, but other
downstream multipotent progenitors (MPPs), which are not as self-renewing, are able to
give rise to lineage-committed myeloid (CMP) and lymphoid (CLP) progenitors. These two
make up the two main branches of mature hematopoietic cells. The myeloid lineage can be
further broken down into granulocyte/macrophages progenitors (GMPs) and
megakaryocyte/erythrocyte progenitors (MEPs). Mature hematopoietic cells are the
effectors cells of the immune system and cannot self-renew, engraft, or give rise to any other
cell types. Image adapted from King & Goodell, 201 1.
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As a result of all the contention, two models of hematopoiesis have emerged. A
fundamental question that still plagues the field is whether HSCs, and all hematopoietic cells, come
from the early precursors that appear in the YS blood islands (Moore & Metcalf, 1970), or if they
arise in independent events from non-hematopoietic precursors, such as the hemogenic endothelial
cells (Antas et al., 2013; Nishikawa et al., 1998). These models are referred to as the “Single Origin
Model” and the “Multiple Origin Model,” respectively. A large body of evidence from Elaine
Dzierzak’s research group and others supports the notion of endothelial-to-hematopoietic
transition (Ciau-Uitz et al., 2014; Cumano et al., 1996; Cumano et al., 2001; Ditadi et al., 2015;
Koh et al., 2015; Medvinsky & Dzierzak, 1996; Nguyen et al., 2014). Time lapse imaging studies
also showed evidence of hematopoietic cells, which expressed markers for progenitors such as
Ckit and Scal, budding off the dorsal aorta and entering circulation (Boisset 2010). Thus, it is now
well accepted that hematopoietic cells come from an endothelial precursor, but the whether these
specialized endothelial cells exist beyond the walls of the dorsal aorta remains highly
controversial. Thus, Chapter 3 will explore the contribution of the mesoderm that exists outside
the embryo proper, namely in the YS, placenta and vitelline vessels, to the pool of adult,

multipotent and engraftable HSCs.

Closing Statement

The studies presented here, establish CD11a as a novel marker for peripheral hematopoietic
cells also provide an efficient and reliable way to distinguish trMacs brain from peripheral
monocyte-derived macrophages. CD11a was used to determine that the plaque-associated myeloid
cells in the AD brains are microglia and not peripheral myeloid cells. Moreover, the studies also
show that it is actually lymphoid cells, specifically T lymphocytes, that are significantly increased

in these AD murine brains. Moreover, our studies explored and confirmed the expression of CD11a
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on other trMacs, like Langerhans Cells in the skin and postulated that the difference in CDI11a
expression compared to peripheral myeloid cells is linked to their HSC-independent ontogeny.
Additionally, our studies on HSC development provide novel evidence that at least some HSCs
are derived from the EEM, favoring the multiple origin model of HSCs. Though they do not
diminish the contribution of the DA in giving rise to pre-HSCs, our work suggests that the Y'S and
PL deserve further study to determine the molecular mechanisms that help pre-HSCs arise there.
The YS, especially, would be much easier to study via imaging of cultured embryos. Additionally,
our lineage tracing studies confirm previous findings that the pathway for trMacs development is
independent from that of pre-HSCs and HSCs. Interestingly, trMacs are also not HoxB6 derived.
Together, this work has identified the contributions of extra-embryonic tissues during HSC
development and delineated the function of brain-resident versus peripheral hematopoietic cells in

the context of Alzheimer’s Disease.
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CHAPTER 1: CD11A EXPRESSION DISTINGUISHES INFILTRATING MYELOID
CELLS FROM PLAQUE-ASSOCIATED MICROGLIA IN ALZHEIMER’S DISEASE.

INTRODUCTION

Microglia are the resident immune cells of the central nervous system (CNS). They play
critical roles in synapse formation (Parkhurst et al., 2013), maintaining the neuronal network by
synaptic pruning (Paolicelli et al., 2011; Schafer et al., 2012; Stephan et al., 2012; Stevens et al.,
2007)as well as immune surveillance (Nimmerjahn et al., 2005). Microglia also clear apoptotic
cells, myelin or synaptic debris through phagocytosis (Sierra et al., 2010). As the resident immune
cells of the CNS, understanding microglial involvement in neuroinflammatory contexts, such as
Alzheimer’s Disease (AD), is critical for understanding pathology and for targeting these cells for
therapy. During many neuroinflammatory conditions, microglia become activated and the brain
parenchyma can be infiltrated by peripheral immune cells. Indeed, single-cell studies have recently
confirmed the presence of distinct bone marrow-derived immune cell types within compartments
of the CNS in mouse models of AD (Mrdjen et al., 2018). The presence of these intruding cells
further mystifies the exact role of infiltrating versus brain-resident immune cells in inflammation
and neurodegeneration observed in AD.

The biggest hallmark of AD neuropathology is the deposition of insoluble beta amyloid
(AB) plaques throughout the brain. AB plaques are frequently surrounded by myeloid immune
cells, defined primarily by their expression of classical myeloid markers, including Ibal, CD11b,
and CD45. However, these markers are not unique to microglia and any infiltrating peripheral
monocytes and their macrophage progeny also express these markers (F. C. Bennett et al., 2018),
complicating the ability to determine the origin(s) of plaque-associated cells. The significance of

these plaques-associated myeloid (PAM) cells in plaque pathology is unclear, including whether
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this clustering is a cause or an effect of plaque formation. Furthermore, it is currently unknown
whether PAM cells are brain-resident microglia or peripheral monocyte-derived macrophages that
have infiltrated the brain parenchyma. The difficulty in distinguishing between these two
populations has limited our understanding of each of their roles in neuroinflammation, thus
underscoring a need for new strategies to discern them.

In a healthy brain, microglia and macrophages are easily distinguished through microscopy
by their ramified and amoeboid morphology, respectively. Alternatively, these cells can also be
differentiated by flow cytometry using relative expression of cell surface markers, such as CD45.
Microglia were classically defined as CDI1b+, CD45° and infiltrating monocytes and
macrophages as CD11b+, CD45" (Sedgwick et al., 2006). Other proposed ‘microglia-specific’
markers include Tmem119, Salll, P2ryl12 and Siglec-H, were also recently identified (F. C.
Bennett et al., 2018; M. L. Bennett et al., 2016; Buttgereit et al., 2016; Haynes et al., 2006; Konishi
et al., 2017). While these markers are useful in healthy brains, during neuroinflammation, such as
in AD, activated microglia and peripheral macrophages alter their respective morphology and
marker expression patterns, confounding their distinction. Upon activation, microglia retract their
processes and adopt a more macrophage-like, rounded morphology. Activated microglia also
upregulate CD45 levels, making the conventional CD45°/CD45" strategy inadequate in
distinguishing microglia through flow cytometry. Additionally, homeostatic microglial genes like
Tmeml19 and P2ryl2 are downregulated and other markers such as Trem2 and Apoe are
upregulated by microglia in an inflammatory milieu (Butovsky et al., 2014; Keren-Shaul et al.,
2017a).

To overcome the limitations of these markers, lineage tracing mouse models have been

generated using the microglial expression of the fractalkine receptor, Cx3cr! (S. Jung et al., 2002).
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One study crossbred the Cx3cr1PCFP mice with the 5XFAD mouse model of AD and found that
dying GFP positive cells contributed to AB plaque growth by releasing previously phagocytosed
AR into the extracellular space (Baik et al., 2016). However, macrophages can also express Cx3cr,
thus the contribution of peripheral monocyte-derived macrophages cannot be ruled out. These
questions can potentially be addressed using the inducible reporter Cx3crI-CreER™ (Parkhurst et
al., 2013; Yona et al., 2013). While long-lived microglia will retain induced labeling after
tamoxifen pulse, the short-live infiltrating macrophages will eventually be replaced by unmarked
macrophages derived from unlabeled bone marrow monocytes. Thus, this labeling system can
allow the distinction between these two populations in the brain. However, these genetic reporters
may prove impractical or expensive in certain experimental setups, particularly when disease
models are also employed, which require complex breeding.

Another strategy to genetically distinguish brain-resident microglia from peripheral bone
marrow derived cells is to use bone marrow chimeras. Mice transplanted with hematopoietic stem
cells (HSCs) post-irradiation can replenish all peripheral immune cell types, but not microglia
(Mildner et al., 2007). Thus, transplanting HSCs from genetically distinct (e.g. GFP+) donor bone
marrow can readily distinguish the peripheral immune cells from host microglia. This was
performed in an AD model and revealed that the PAM cells contained peripheral macrophages
(Simard et al., 2006). However, a major caveat of this approach is that robust donor HSC
engraftment requires the elimination of the host blood system by high doses of irradiation, upwards
of 10 Gy (or 1000 Rads). This can have long term effects on the brain environment, by activating
microglia, modifying pathology and disrupting the blood brain barrier (BBB; Menzel et al., 2018).
Moreover, a follow-up study from the same group and others showed that shielding the head during

irradiation to reduce BBB disruption, or use of parabiosis resulted in little to no contribution of
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bone marrow-derived cells to the PAM population, despite robust bone marrow engraftment and
donor peripheral immune cell reconstitution (Lampron et al., 2012; Mildner et al., 2007; Wang et
al., 2016). The limitations of these strategies highlight the need for antibodies against surface
markers that reliably distinguish microglia from peripheral macrophages in healthy and inflamed
brains, circumventing the need for bone marrow chimeras.

Here we discuss and characterize a candidate peripheral immune cell-specific marker,
CDl11a (Itgal). CDl1a, along with CD18, forms the leukocyte function-associated antigen 1
(LFAT) integrin. LFA1, and thus CDI1 1a, is expressed on all peripheral immune cells, except red
blood cells and platelets (Fathman et al., 2014). LFA1 is important for immunological synapse
formation as well as extravasation into tissues during infection or injury (Green et al., 2006; Lum
et al., 2002; Monks et al., 1998). As microglia are brain-resident and not in circulation, we
hypothesized that LFA1 would not be expressed on microglia. In support of this, a recent single-
cell mapping study identified CD11a as a marker that is expressed only on immune cells in the
periphery and not in microglia (Mrdjen et al., 2018). Another study also utilized CD11a, along
with CD49d, to distinguish tumor-associated microglia from bone marrow-derived macrophages
using flow cytometry (Bowman et al., 2016). While both of these studies suggest that CD11a is
only expressed in peripheral immune cells through RNA-sequencing, we demonstrate its utility as
a surface marker to distinguish microglia from peripheral immune cells through flow cytometry as
well as immunofluorescence.

As many seemingly reliable markers alter their expression during inflammation (e.g.
CD45, P2ry12, Tmem119), it is critical to carefully evaluate the expression patterns of any new
markers in a variety of neuroinflammatory contexts. Here we show the utility of CD11a in flow

cytometry to mark infiltrating peripheral cells and distinguish them from microglia in steady state,
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in LPS-induced neuroinflammation, and in two different mouse models of Alzheimer’s Disease.
In these cases, CD11a remains highly expressed on peripheral, infiltrating immune cells and
remains unexpressed in microglia. As a result, CD11a allows reliable bifurcation of microglia,
which are CD11a negative, and infiltrating monocytes, which are CD11a positive, by flow
cytometry and fluorescence immunohistochemistry. Additionally, our immunohistochemistry data
shows that PAM cells are CD11a negative and that infiltrating myeloid cells are rare in AD brains
and do not cluster around AB plaques, implicating the PAM cells as microglia. Lastly, we also
present a novel flow cytometry-based spiking method to accurately quantify changes in infiltrating
immune cells in aged WT and AD mice. We provide evidence of a statistically-significant increase
in microglia numbers and infiltrating T cells in female AD mice compared to their WT littermates.
Taken together, our data provides new insights into the infiltration of peripheral immune cells into

the brains of AD mice using CDl1 1a.

RESULTS
CD11a is expressed on peripheral immune cells in the brain, but not on microglia

A microarray database screen of markers that are differentially expressed in peripheral
immune cells and brain-resident microglia cells revealed that integrin alpha L chain, ltgal or
CD11a, was not expressed in microglia, but highly expressed in all circulating immune cell types
(Figure 1.1A). Therefore, we sought to confirm cell surface expression of CD11a in these cells
via flow cytometry (Figure 1.1B). Cells from adult B6 mouse brains were harvested and stained
for surface marker expression. In the CD11b+, CD45"° microglia population, we did not detect
CDl11a surface expression when compared to the Fluorescence Minus One (FMO) negative

control.
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Figure 1.1: CD11a is not expressed in steady-state microglia. (A) Gene expression profile of
Itgal (CD11a) in microglia and peripheral hematopoietic cells. Percentile of expression is based
on comparison to a reference panel of nearly 12,000 microarrays (www.gexc.riken.jp). Values
below zero are considered unexpressed. (B) Flow cytometry plots of adult mouse brain cells.
CDI11b+ CD45" microglia (“CD45'”, red gate) and CD11b+ CD45" macrophages (“CD45hi”,
blue gate) were analyzed for cell surface expression of CD11a using antibody clones M17/4 (1),
2D7 (ii) against CDI11a, and H155-78 (iii) against LFA-1 (CD11a/CD18). Histograms show
CD45" microglia (red), CD45" macrophages (blue), and fluorescence minus one control (“FMO”,
grey). (C) Immunofluorescence image of C57/B6 brain. White arrows denote representative
microglia which are Ibal+ but CD11a-. The red arrow denotes an example of a CD11a+ immune
cell, which is Ibal-. Images were taken at 120X, scale bars = 10um. (D) Imaging flow cytometry
of brain cells. Representative images of cells within CD11b+ CD45lo microglia (“4510”), CD11b+
CD45" macrophages (“45hi”) and CD11b- CD45+ lymphocytes (45+) populations in each channel
(see Figure S1C for splenocyte controls). Exact same voltage correction settings were applied to
all samples
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Conversely, CD11a was highly and uniformly expressed in the CD11b+, CD45" population which
contains primarily monocyte-derived macrophages. The CD11b- CD45" population, which
contains mainly lymphocytes, was also uniformly CD11a+ (data not shown). We found identical
expression patterns using three distinct clones of antibodies that recognize CD11a. These include
the M17/4 and 2D7 clones of the CD1 1a antibody, along with clone H155-78 that recognizes LFA-
1, the complex of CD11a with CD18 (Figure 1.1B, i - iii). To test the expression of CDI11a on
peripheral immune cells, CD45+ splenocytes were also stained with the same antibody cocktail as
the brain cells. Splenocytes of myeloid and lymphoid lineages express all three clones of CD11a
at high levels (Figure 1.2A).

Immunofluorescence analysis of CD11a expression in fixed brain tissue was difficult to
assess using all clones and required tyramide signal amplification in order to detect CD11a+ cells.
After amplification, Ibal+ microglia cells in adult B6 brain did not express CDI11a, but we
observed rare round CD11a+ cells that are likely infiltrating lymphocytes, based on a lack of Ibal
staining (Figure 1.1C). To visualize the differential expression of CD45 and CD11a in microglia
(CD11b+ CD45"), macrophages (CD11b+ CD45") and lymphoid cells (CD11b- CD45+), brain
and spleen samples were also stained and analyzed on an imaging flow cytometer to obtain high
resolution images of single cells. Consistent with our observations by FACS, CDI11a was not
detected on the surface of microglia, but readily expressed on monocytes and lymphocytes in the
brain and spleen (Figure 1.1D, 1.2B-C).

The fractalkine receptor Cx3crl, is strongly expressed by microglia in the CNS and has
been crucial in studying microglia development and functions in homeostatic and

neuroinflammatory conditions (Cardona et al., 2006; S. Jung et al., 2002; Mizutani et al., 2011).
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Figure 1.2: Peripheral cells express high levels of CD11a compared to microglia. (A) FACS
analysis of CD45+ splenocytes. CD11b+ Grl-monocytes (blue), CDI11b+ Grl+ granulocytes
(green), CD11b- CD3+ T lymphocytes (orange), and CD11b- CD19+ B lymphocytes (magenta)
express all three clones of CD11a compared to the FMO control (grey histogram). (B) Imaging
flow cytometry dot plots and gating strategy of “CD4510” microglia (red), “CD45hi” macrophages
(blue) and “CD45+” lymphocyte populations in the brain corresponding to images in Figure 1D.
(C) Imaging flow cytometry dot plots and corresponding images of peripheral immune cells in the
spleen. Note: Voltages between brain (B) and spleen (C) samples are the same, but the scaling for
the spleen plot was altered for improved visualization. (D) Representative flow cytometry plot of
CDl11a in Cx3crl-GFP/+ brains. Most of the GFP+ microglia cells are CD11a negative (lower
plot). (E) Immunofluorescence analysis of Cx3cri-GFP/+; Ccr2-RFP/+ mice. GFP labeled
microglia do not express CDl1la (arrows). Rare CDIllat+ (red) cells appear amoeboid in
morphology and lack Cx3cri-GFP expression and thus are likely not microglia. CD11a and Ccr2-
RFP are detected in the same channel (Red), however, Ccr2-RFP is not expressed in the brain
without stimulation and thus the fluorescence observed is due to CD11a and not Ccr2. Images
taken at 120X magnification, scale bars = 10um.
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Thus we also compared CD11a expression in the commonly-used Cx3cri-GFP reporter mice
(Saederup et al., 2010). As expected, GFP-labeled cells in the brain, which consist mostly of
microglia, did not express CD11a (Figure 1.2D-E). Together, these data show that in healthy
brains, CD11a remains highly expressed in all peripheral hematopoietic cells, but remains
unexpressed in brain-resident microglia. Thus, CD11a meets the requirement for an on-off marker
that can clearly distinguish between microglia (off) and peripheral immune cells (on) in a

homeostatic mouse brain.

Microglia and monocytes/macrophages do not alter CD11a expression in activation states.
CD45 expression levels are commonly used to distinguish microglia (CD45"°) from
infiltrating peripheral monocytes (CD45") by flow cytometry. However, CD45 expression
increases in microglia cells with activation in neuroinflammatory contexts (Greter et al., 2015;
Sedgwick et al., 2006). To determine whether activated microglia similarly upregulate CD11a
expression, we injected the inflammatory molecule lipopolysaccharide (LPS) or vehicle control
intracranially into 6-8-week-old B6 mice to activate microglia. LPS is known to cause a massive
inflammatory response in the brain and induces a rapid influx of infiltrating immune cells into the
brain (Cazareth et al., 2014). Brains of vehicle- and LPS-treated mice were harvested 24 hours
post-injection. As expected, CD45 expression slightly increased in all CD11b+ cells with LPS
treatment, partially obscuring the normal separation between CD45° microglia and CD45"
monocytes (Figure 1.3A, left panels). However, CD11a expression remained absent on microglia,
while infiltrating monocytes highly expressed this marker (Figure 1.3A, middle panels).
Furthermore, an influx of monocytes into LPS-injected brains further blurred the distinction

between microglia and monocytes using CD45, which becomes apparent when CD11a- and
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A 1Vehicle ‘ 11a- —> £ D LPS brain
gt ’
e : 20 I o -~
= = Tar = | 5
o o o o
1 PR 1 11a- )
! Ma+
CD45 CD11a CD45
‘LPS l';" 1 11a- — ‘.n”
o l_.{llfl o v ol ‘g
- | = TTa+ s
The AN 01 -
{ = 1 i Ma- 8
! | | Ma+ =
CD45 CD11a}&(h CD45
B Z PS
W (P ok ——
RFP 6-8 weeks 24 hrs °®
(or GFP) BM H
WT P1 arvest -
Vehicle o
. |
o
- 2
[}
(: Vehicle =
RFP+
p— -
o]
& T
RFP: @
ﬂﬁ b v jr— 0 4 :-l 4 G
FSC-A CD45 CD11a
LPS
RFP+
fr——
o]
o -
o RFP- 0O
| & —> O .4 ¢ « L
FSC-A CD45 CD11a

25



Figure 1.3: CD11a expression remains consistent in activated microglia and infiltrating
macrophages. (A) FACS plots of the brains of C57/B6 adult mice 24 hours after intracranial
injection of vehicle (top row) or 10 ug of LPS (bottom row). Leftmost plots show traditional
CDI11b vs CD45 gating scheme with microglia (CD11b+ CD45", red gates) and macrophages
(CD11b+ CD45" blue gates). Middle plots show CD11b versus CD11a and revised gating for
microglia (CD11b+ CDI1a-, “11a-", red gate) and macrophages (CD11b+ CD11a+, “l11a+”, blue
gate). Rightmost plots show overlays of CD11a- (red) and CD11a+ (blue) populations (from the
middle plots) on CD11b vs. CD45 plots. (B) Schematic of transplantation of adult RFP+ bone
marrow into P1 C57/B6 (WT) pups, followed by intracranial LPS (or vehicle) injection 6-8 weeks
after transplant, and analysis 24 hours post-injection. 20X images of one brain lobe following
vehicle (left) or LPS (right) injection showing RFP+ (red) BM-derived cells in the brain versus
DAPI-stained nuclei (blue). Scale bars = 50um. (C) Flow cytometry analysis of the other brain
lobe 24 hours after vehicle (top row) or LPS (bottom row) injection. The leftmost plots show
gating on RFP+ BM-derived donor cells versus RFP- host cells. The middle and right plots show
CD11b versus CD45 (middle plots) or versus CD11a (right plots). RFP+ cells are shown in red
and host cells in grey. (D) Representative immunofluorescence images of brain sections from LPS-
treated mice after transplantation of adult GFP+ bone marrow cells into neonatal recipients (120X,
scale bars = 10um). All GFP+ infiltrating cells (green) co-stain with CD11a (red). White arrows
denote Ibal+ microglia, which do not express CD11a or GFP. Red arrows indicate GFP+ cells that
are CD11a+ Ibal-. Yellow arrows indicate GFP+ cells that express Ibal as well as CD11a.
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CD11a+ populations are overlaid using the conventional CD11b vs. CD45 gating strategy
(Figure 1.3A, right panels).

It is formally possible that some infiltrating monocytes rapidly downregulate CD45 and
CD11a upon infiltration and would be included in the “microglia” gate. To ensure that infiltrating
monocytes and their descendent macrophages did not downregulate CD11a expression, we
repeated the LPS and vehicle injection in 6-8 weeks old B6 mice that had been irradiated and
transplanted as neonates with bone marrow cells from adult GFP+ or RFP+ donors (Figure 1.3B).
This neonatal transplantation strategy allowed for effective HSC engraftment with low doses of
irradiation (<3.5 Gy) compared to the higher required dose for adult recipients (8-10 Gy). It also
allowed for the blood-brain barrier to recover and the bone marrow compartment to stabilize by
the time of LPS injection. 6-8 weeks post-transplant, vehicle or LPS was injected intracranially
and the brains were harvested 24 hours post-injection. Fluorescent imaging of one lobe of each
brain showed infiltrating RFP+ cells throughout the brain only in the LPS-treated mice (Figure
1.3B). Flow cytometric analysis was performed on the other lobe of the brain and showed that all
donor bone-marrow derived RFP+ cells lied within the CD11a positive gate (Figure 1.3C). This
confirms that infiltrating RFP* cells did not downregulate CD11a. Microglia, which are not
replenished by the bone marrow, remained RFP- and CDIlla-. Immunostaining of brains
transplanted with GFP bone marrow cells (instead of RFP), showed Ibal® microglia remained
CDl11a- even after LPS-treatment, while all GFP+ cells were CDI11a+, including both Ibal+
(myeloid) or Ibal- (likely lymphoid) populations (Figure 1.3D, 1.4A-B). Together, these data
indicate that activated microglia remain CD11a negative and infiltrating immune cells remain
CD11a+ in an inflammatory milieu. Thus, CD11a is a stable marker that can distinguish peripheral

immune cells from brain-resident microglia.
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Figure 1.4: Infiltration of peripheral immune cells.

- . 57
.

Images of Vehicle- and LPS-injected brains of transplanted mice. Infiltration of RFP+ (A) or
GFP+ (B) cells is robust only in LPS-injected brains. Nuclei (blue) were stained with DAPI.
All images were taken at 20X magnification. Scale bars = 50pm.
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Whereas microglia in LPS- injected mice did not express CD11a, they did upregulate its
expression in chronic Toxoplasma gondii infection, a parasite known to infect the brain and induce
a strong immune reaction. Through flow cytometry analysis, microglia showed slight upregulation
of CD11a in the acute stage of 7. gondii infection (7 dpi) compared to mock-infected mice (Figure
1.5A). However, this shift in microglia was not detectable via immunofluorescence staining,
despite tyramide amplification (Figure 1.5B). In contrast, during chronic infection, when the
parasites are encysted in the brain, CD11a was detectable on microglia by both flow cytometry
and immunofluorescence microscopy and highly upregulated in peripheral immune cells (Figure
1.5C-E). This finding aligns with previous reports that activated microglia and infiltrating cells
express CDIlla during chronic infection (Biswas et al., 2015). In this context, CDlla is
comparable to CD45 as a marker. Thus, CD11a upregulation is context-dependent and must be

tested in each model of neuroinflammation.

Microglia in AD model mice do not express CD11a.

In the 5XxFAD mouse model of Alzheimer’s disease, a tandem of two transgenes contain a total of
five familial mutations in human Amyloid Precursor Protein (APP) and Presenilin-1 (PSENT1)
genes. Together they cause a rapid accumulation of AB in the brain as early as three months, with
AD plaque-like pathology being observable at 4 months, and end-stage equivalent at 6 months of
age (Oakley et al., 2006). Similar to activated microglia, CD45 expression in aged SxFAD mice is
upregulated in all CD11b+ cells, making it difficult to distinguish monocytes from microglia using
the conventional CD11b vs CD45 gating scheme. With disease progression, it becomes
increasingly unclear whether the abundant population of CD45" cells are microglia or infiltrating

monocytes (Figure 1.6A). However, these populations could still be distinguished using a CD11b
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Figure 1.5: CD11a is upregulated on microglia in Toxoplasma gondii-infected brains. (A)
Representative FACS plots of mock and acute infection (7 days post infection, dpi) in B6 mice.
Top panel shows traditional CD11b vs. CD45 gating scheme of microglia (CD45lo, red gates), and
macrophages (CD45hi, blue gates). Lower panels show histograms of CD11a expression of cells
from the “CDA45lo” and “CD45hi” gates and FMO control (grey). (B) Representative
immunofluorescence images of brains from mock and acutely infected B6 mice. Nuclei stained
with DAPI (blue), Ibal (green), and CD11a (red). CD11a upregulation in microglia (white arrows)
from acute infected mice is not detectable, even with tyramide amplification. All images taken at
120X magnification, scale bars = 10 um. (C) CD11b vs. CD45 FACS plots of B6 mock-infected,
chronically infected (38 dpi), and chronically infected brains (38 dpi), in which reactivation of
encysted parasites was induced by injection of anti-IFN-[] blocking antibody at 28 and 32 dpi.
Histogram overlays of CDI11a expression in microglia (CD45lo, red gates) and macrophages
(CD45hi, blue gates) in mock (pink histograms), chronic (green histograms) and reactivated
(orange histograms) B6 brains. (D) Representative immunofluorescence images of Cx3cr1-GFP/+;
Ccr2-RFP/+ (double reporter) mice during mock, chronic and reactivated infection. Cx3cr1-GFP
labeled microglia (green) express Ibal and show upregulation of CDIlla (yellow arrows).
Peripheral cells continue to express high levels of CD11a and are GFP negative (blue arrows).
Please note that CD11a and Ccr2-RFP are both detected in the same channel, but the brightness of
the Ccr2-RFP is much lower and not detectable at the exposure time used. Images taken at 100X
magnification, scale bars = 20um. (E) FACS histograms of GFP+, CD45lo microglia (green
histograms) show upregulation of CD11a on microglia from chronic and chronic reactivated mice
compared to FMO control (grey histogram). CD11a is detected on a different channel than Ccr2-
RFP here.
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vs. CD11a gating strategy (Figure 1.6B). Using CD11a also highlighted the abundant CD45"
population in aged SxFAD brains, which also upregulates CD11b but is almost entirely CD11a-
(Figure 1.6C). Therefore, these cells likely represent microglia that have upregulated CD45, and
not a massive influx of infiltrating monocytes/macrophages. We also observed a similar trend in a
second independent AD transgenic model, Arc48 mice, which express a different combination of
familial mutations than the 5XFAD mouse model (Cheng et al., 2004) (Figure 1.7). While there
were slight increases in CD11a expression on microglia with age and disease progression in AD
mice, a similar trend was also noticed in their WT littermates, as well as in the
monocyte/macrophage populations of WT and AD mice, and the separation between CD11a- and

CD11a+ populations was still distinct (Figure 1.6B).

Plaque-associated myeloid cells are microglia, not peripheral monocytes/macrophages.

Immunofluorescence imaging of microglia in WT and AD mice consistently showed that microglia
(Ibal+) in the brain parenchyma did not express CD11a. Additionally, plaque-associated Ibal+
cells did not co-label with CD11a even at 12 months of age (Figure 1.6D). On rare occasions,
CD11a+ cells were found near plaques, but they did not co-stain with Ibal, meaning they were not
of myeloid lineage. Together, these data show that microglia in two AD mouse models, SxFAD
and Arc48, remain CD11a negative despite the increase in plaque burden with age. Moreover,
peripheral myeloid cells have nominal contribution to the overall CD45" population, indicating

there is not a massive influx of peripheral monocytes in the AD brain.
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Figure 1.6: Microglia in SxXFAD mice do not express CD11a. (A-C) Representative FACS plots
of 5XFAD”" (WT, left columns) and 5xFAD"" (5X, right columns) littermates at 2 months (top
row), 6 months (middle row), and 12 months (bottom row) of age. (A) Traditional CD11b versus
CD45 plots show increasing overlap between microglia and macrophages in 5X mice with age.
(B) CDI11b versus CDl11a plots show a clear distinction between microglia (CD11b+ CDl11a-,
“l1a-”, red gate) and macrophages (CD11b+ CD11a+, “l11a+”, blue gate). (C) Traditional CD11b
versus CD45 plot showing an overlay of microglia (“11a-", red) and macrophage (“11a+”, blue)
populations using the CD11a gating strategy from B. (D) Representative immunofluorescent
images (120X, scale bar = 10um) of 12-month-old WT (top) and 5X (bottom) brains. Ibal+ cells
(green) surrounding beta amyloid plaques (AB, blue) are CD11a-. Extremely rare instances of
CD11a+ cells (red) found near plaques do not express Ibal.
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Figure 1.7
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Figure 1.7: Microglia in Arctic 48 model of AD also do not express CD11a.

(A) Representative FACS plot of CD11b vs. CD45 of 9-month-old Arc48” (WT) and Arc48
(AD) littermates. In the AD model, the separation between CD45" and CD45'° populations is less
distinct than the WT control. (B) CDl11a vs. CD11b gating shows a clearer separation between
CD11b+, CD11a- microglia (“11a-", red gate) and CD11b+ CD11a+ macrophages (“11a+”, blue
gate), similar to the 5xFAD model (Figure 3B). (C) 11a- (red) and 11a+ (blue) populations overlaid
on CD45 vs. CD11b plot demonstrate the upregulation of both markers in AD microglia and how
they confound the “CD45hi” population in the conventional gating scheme. (D) Representative
confocal images of AB plaques in Arc48" brain show. The left image was taken at 40X
magnification and shows examples of CD11a+ cells far from plaques (red arrow) or near plaques
(yellow arrow). Zoomed in images of plaques on the right were taken at 80X magnification and
show the red dashed box (top row) and yellow dashed box (bottom row) from the 40X image on
the left. Almost all Ibal+ cells are CD11a- microglia, with rare CD11a+ cells that are Ibal- and
are likely not macrophages. All scale bars = 10um.
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Peripheral immune cells do not downregulate CD11a upon infiltration in AD brains.

Given the low amounts of CD45" and CD11a+ cells observed in 12-month-old 5xFAD mice, we
wanted to confirm that infiltrating monocytes/macrophages did not downregulate CD11a. To this
end, we transplanted neonatal 5X and WT littermates with RFP+ bone marrow cells (Figure 1.8A).
After 12 months of age (and 12 months post-transplantation), we harvested one lobe for flow
cytometry and the other for immunofluorescence imaging. By flow cytometry, almost all RFP cells
remained in the CD11a+ fraction whereas the CD11a- cells were all negative for RFP (Figure
1.8B). There was little evidence of robust infiltration of peripheral cells, as the percentage of RFP+
cells in the brain was low in both WT and 5X mice. Donor chimerism was high in all recipient
mice, as measured by HSC chimerism in the BM (Figure 1.8B). Thus, the absence of RFP* cells
in the brain was not due to low engraftment levels of RFP* cells. As seen in LPS-treated chimeric
mice, infiltrating RFP* cells in 5X and WT mice did not downregulate CD11a (Figure 1.8B).
Importantly, RFP cells maintained CD1 1a expression one year after transplant. Therefore, CD11a-
cells in the 5X brains are unlikely to be from bone marrow-derived cells infiltrating from the
periphery. This transplantation approach also allowed us to quantify the relative abundances of
different immune populations (CD11b+ CD11a- microglia, CD11b+ CD11a+ myeloid cells, and
CD11b- CDI11a+ lymphoid cells) in 5X and WT brains (Figure 1.8C). No significant difference
was observed in the distribution of bone marrow-derived cells in 5X mice compared to their WT
littermates. To assess whether the RFP+ cells clustered around plaques, we also imaged sections
of the other lobe of these transplanted 5x mice. Observation of RFP cells was extremely rare in 5X
brains as well as WT mice (Figure 1.8D). Thus, it is unlikely that any RFP+ cells contributed to
the PAM population. Taken together, these data provide strong evidence that infiltrating cells do

not downregulate CD11a and that infiltration of CD11a+ peripheral immune cells is not
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Figure 1.8: Plaque-associated myeloid cells are not derived from bone marrow. (A) SxFAD-
(WT, n=4) and 5xFAD"" (5X, n=4) littermates were transplanted with RFP+ bone marrow as
neonates (P1), then analyzed 12 months later. (B) Representative flow cytometry plots of WT (left)
and 5X (right) brains at 12 months of age. Total RFP- (black gate) and RFP+ (red gate) cells were
analyzed for CD11b vs. CD11a expression (lower FACS plots). The bar graph (right) indicates the
donor HSC chimerism in the BM of the transplanted mice at 12 months. The bottom CD11b versus
CD11a plots show the distribution of immune populations in the RFP- host cells (left, black) and
RFP+ BM-derived cells (right, red). Quadrants Q1 (CD11b+ CD11a-, orange quadrant) represent
microglia, Q2 (CD11b+ CD11a+, blue quadrant) macrophages, and Q3 (CD11b- CD11a+, green
quadrant) lymphocytes. (C) Bar graph showing the distribution of immune cell types in the host
(left bars) and RFP+ donor (right bars) in WT and 5X brains. The sum of the three immune cell
quadrants was set to 100%. Error bars are S.D. (N=4 mice each). (D) Representative image of the
brain of a 5X mouse transplanted with RFP+ BM 12 months post-transplant show no infiltrating
RFP+ cells (red). AB plaques are shown in blue. Images taken at 20X magnification, scale bars =
50um.
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increased in AD mice compared to their wildtype littermates. This also provides further evidence

that the plaque-associated myeloid cells are CD11a-, brain-resident microglia.

Fluorescence-Assisted Quantification Technique (FAQT) reveals an increase in T cell
infiltration in SXFAD females

Our transplantation approach in 5X mice did not show any major influx of peripheral
immune cells (Figure 1.8C and 1.8D), especially compared to LPS-injected brains (Figure 1.3B).
Given the improved distinction between microglia and peripheral immune cells that the CD11b
vs. CD11a gating strategy provides, we aimed to quantify the relative number of infiltrating cells
in unmanipulated, aged 5X mice compared to their wildtype littermates. However, 5X brains,
which suffer from chronic inflammation, have differences in cell viability and display different
properties on flow cytometry analysis than WT brains, making it difficult to quantitatively
compare microglia, monocytes or lymphocytes between WT and 5X brains as a percentage of total
cells in the brain. Furthermore, the final cell yield, which requires mechanical digestion and
centrifugation through a Percoll gradient, is inconsistent and can lead to huge variability in the
absolute numbers of cells harvested from prep to prep. Lastly, counting beads, which can be added
to sample tubes to estimate absolute numbers, are depleted via Percoll gradient, and therefore
cannot be added during the prep stage to accurately control for differences in prep yield.

As a solution to these issues, we developed a method called “Fluorescence-Assisted
Quantification Technique” (FAQT) to spike in fluorescently labeled brain tissue during the initial
harvesting step and before the Percoll gradient steps. As such, any discrepancies in yield due to
preparation would equally affect the fluorescently labeled cells. As long as an equal amount of

fluorescently-labeled brain tissue (i.e. one lobe each from the same brain) was added to each prep
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Figure 1.9: Fluorescence-Assisted Quantification Technique (FAQT). (A) Schematic of
FAQT. Fluorescent brains (e.g. CFP) are divided into lobes and mixed with one lobe from a 5X
mouse and one lobe of a WT littermate, then processed and analyzed by flow cytometry. After
FACS analysis, immune cell populations were each gated and then separated into CFP+ and CFP-
fractions. See gating strategy for each immune cell type in Figure S5. (B) Quantification strategy.
The ratio of CFP- to CFP+ cells was calculated for both the 5X and WT pair, then was used to
calculate the ratio of 5X to WT cells (5X:WT), canceling out the CFP+ spiking cells. (C-H) For
each immune cell population, the leftmost column shows the relative ratio of immune cells
between the left and right lobes of a WT brain (WT L/R), which represents the WT lobe-to-lobe
control. The 5X:WT ratio of each pair of 5X/WT lobes is plotted, showing male pairs (middle)
and female pairs (right). The value is the ratio of 5X immune cells relative to WT (which is set to
one and indicated by the dashed line). Statistical analysis (one-way ANOVA, Tukey’s multiple
comparison test) compares the three groups. Asterisks represent a p-value of <0.05.

42



of WT and 5X brain, the yields of brain populations could be normalized to the fluorescent control
and the relative abundances of each population calculated. As illustrated in Figure 1.9A, we
harvested a pair WT and 5X littermates, and added one lobe of each brain to separate tubes. We
then harvested a CFP+ brain and separated the two lobes, then added one lobe to the WT tube and
one lobe to the 5X tube, so each tube received an identical amount of fluorescent brain tissue. We
then proceeded with the normal preparation and Percoll gradient. We then stained and analyzed
each brain prep by flow cytometry, gated on each immune population (e.g. microglia, monocytes,
T cells, B cells, granulocytes), then separated them into CFP+ and CFP- fractions (Figure 1.10).
Thus, any variability in cell yield will be reflected in both the CFP+ and CFP- cells within the
sample. We could then compare the percentage of fluorescently-labeled cells between the WT and
5X population to estimate the ratios of each population to the fluorescent control (Figure 1.9). If
we divide the ratio of WT:CFP microglia by the ratio of 5X:CFP microglia, then we can estimate
the abundance of the 5X microglia relative to its WT littermate (which is set to 1). For example,
if 50% of microglia in the WT brain are CFP+ (a 1:1 WT:CFP ratio), but only 25% of microglia
in the 5X brain are CFP+ (a 3:1 5X:CFP ratio), then this would suggest that the microglia in the
5X brain are three times as abundant as the WT microglia, because we added the same number of
CFP+ microglia to each tube. As a control, we first performed this using only WT brains,
comparing the abundance of immune populations between the left lobe and right lobe (“WT L/R”),
which we assume to be equal (Figure 1.9C-H). The differences we observe between the left and
right lobes represent the variation inherent in this system and offer a control group to the SX:WT
ratios for statistical comparisons.

We used this technique to measure the relative abundance of several immune populations

between the brains of WT and 5X littermates at approximately 12 months of age. We separately
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Figure 1.10
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Figure 1.10: Representative gating scheme for FAQT. Representative gating used to delineate
immune populations in the brain in spiking experiments for WT (A) and 5X (B) brains. The gates
used for each plot are listed above each plot in red font. The left columns show the gating for each
immune population and the right columns show the gating for CFP+ spiking cells and CFP- (WT
or 5X) cells. The percentages of CFP+and CFP- cells were used to calculate the ratios of WT:CFP,
5X:CFP and then 5X:WT. For example, for CD8+ T cells (bottom row), the WT:CFP ratio is 2.0
(66%/33%), the SX:CFP ratio is 6.6 (86%/13%) and the 5X:WT ratio is 3.3 (6.6/2.0). The
fluorochromes used for each antibody are as follows: CD11b (APC), CD45 (FITC), CD11a (PE),
Grl (Alexa700), CD19 (BV421), CD4 (PECy7), CD8 (APCCy7), CFP (Amcyan). Note, microglia
autofluoresce in the 605 channel, and bleeds badly into the Amcyan channel, and so a
compensation correction was applied to the Amcyan channel to take this into account. The
antibodies and gating used for GFP+ or RFP+ spiking experiments differed slightly from that used
for CFP and are not shown.
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analyzed male and female brains due to the known differences in AD pathology between the
genders in this mouse model (Oakley et al., 2006; Sadleir et al., 2015). In the males, the differences
between WT and 5X brains were relatively minor for most populations and were not statistically
significant compared to the WT lobe-to-lobe control. In the female 5X brains, where pathology is
greater, there was a significant increase in microglia, but not in macrophages or granulocytes,
which were slightly elevated but not statistically significant (Figure 1.9C-E). Furthermore, we
saw a statistically significant increase in CD4+ and CD8+ T cell populations compared to either
the WT only lobe-to-lobe ratios or the male 5X:WT ratios (Figure 1.9F-G). B cells appeared
elevated in 5X females but were not statistically significant (Figure 1.9H). Using CD11a allowed
us to determine that a majority of the CD45" cells in AD brains were in fact microglia that also
upregulated CD11b. Using CD11a and FAQT, we show evidence of microglial proliferation in

AD brains, with no significant infiltration of peripheral myeloid cells.

DISCUSSION

In this study, we demonstrate the utility of using CD11a as a marker to distinguish healthy,
activated, and Alzheimer’s disease-associated microglia from CDI11a+ infiltrating peripheral
immune cells. As CDI11a is a negative marker for microglia, it can be combined with existing
positive markers (e.g. Tmem119, P2ry12) to enhance microglia/monocyte distinction, or be used
in lieu of markers such as CD45 to simplify microglia identification. When combined with just
CD11b, microglia can be readily identified as CD11b+ and CD11a-. CD11a overcomes several
limitations of the CD45 vs CD11b gating strategy. First, we observed no significant upregulation
of CD11a by activated microglia in our LPS-induced inflammation model, which is not the case

for CD45. Second, we determined that microglia in two different AD mouse models do not
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upregulate CD11a, unlike CD45, even at ages with peak plaque burden. Thus, using CD11a, along
with CD11b, for flow cytometry will allow isolation of microglia in the CD11a- fraction and
peripheral myeloid cells in the CD11a+ fraction. While CD11a is excellent in distinguishing
microglia and infiltrating myeloid cells in AD models, we showed that its expression on microglia
was upregulated in the chronic stages of Toxoplasma gondii infection. Thus, the utility of CD11a
in distinguishing microglia from peripheral myeloid populations must be tested on a case-by-case
basis. The signaling events that lead to LFA1 upregulation on microglia still remain to be
investigated. As LFAI1 is also important for antigen presentation, it is possible that LFAI
upregulation on microglia may play a role in facilitating a T cell response in the brain, as T cell-
mediated immunity is well-established for 7. gondii infection.

Using CD11a as a marker has allowed us to address outstanding questions regarding the
roles of microglia versus infiltrating monocytes in AD pathology. One such question regards the
identity of the myeloid cells that surround AB plaques. We have determined that PAM cells are
CDl11a-, and therefore our findings support the notion that PAM cells are microglia, rather than
infiltrating monocytes recruited to plaques. While it remains formally possible that monocytes,
and subsequent macrophages, recruited to plaques eventually downregulate CD11a, we saw no
evidence of this in our transplantation system, despite the fact that we analyzed 5X brains one year
after transplantation. Although nearly 100% of the BM-derived cells were RFP+ or GFP+, we saw
no fluorescent cells clustered around the plaques through immunofluorescent staining.
Additionally, all fluorescent cells we observed in the brain were CD1 1a+ through flow cytometry.
Together, our data strongly supports the notion that PAM cells are entirely composed of microglia,

and not peripheral macrophages.
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Our findings align with previous studies supporting microglia as the sole players in an AD
CNS. Such studies have shown no significant infiltration based on lack of BBB disruption (Bien-
Ly et al., 2015). However, previous studies replacing the peripheral immune system by
transplanting reporter-expressing HSCs have shown evidence of bone marrow-derived monocytes
infiltrating the CNS in AD models (Mildner et al., 2007; Simard et al., 2006). However, HSC
transplantation in adult mice requires high doses of irradiation, which can alter the brain
environment by activating microglia and disrupting the BBB. We circumvented the artifacts of
high dose irradiation by transplanting 5X and WT littermates as neonates with fluorescently
labeled, ckit-enriched bone marrow cells. This approach allowed us to attain high levels of
chimerism with much lower doses of irradiation (<3.5 Gy). Additionally, it allowed substantial
time for BBB recovery: 6-8 weeks for LPS experiments or one full year for AD experiments and
analysis. These findings suggest that neonatal transplantation allows the BBB to remain intact
during the onset and progression of the disease and that the lack of infiltration is physiologically
relevant.

A second question we attempted to address using CD11a was to what extent do peripheral
immune cells infiltrate the brain in AD? By analyzing CD11a expression in 5X mice, we saw little
evidence of a robust infiltrating monocyte population in 5X brains compared to WT, even after
one year. The abundant CD45" population in 5X brains was CDI1a-, suggesting they are
microglia. Furthermore, in the transplantation system, these CD45" cells were also RFP-,
suggesting they are not BM-derived. Together, this strongly argues against a massive influx of
monocytes into the brain but does not rule out mild increases or gender-specific differences in

infiltrating populations.
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To provide a sensitive method of quantifying the abundance of immune populations in the
brain, we developed a technique called FAQT (Fluorescence-Assisted Quantification Technique).
Pairs of WT and 5X brains are spiked with an equal quantity of fluorescently-labeled brain tissue,
then after flow cytometry analysis, each population is normalized to the fluorescent control. As
long as we can assume that the abundance of each population is consistent between the right lobe
and left lobe of the fluorescent mice, the age, gender, or strain of the spiking brains is irrelevant
after normalization. This makes it easy to add fluorescent brains to any brain prep to allow
comparison between any two mice. This method is preferable to adding fluorescent counting
beads, which would either be lost during Percoll processing if added before, or neglect sample-
specific differences in cell yield if added before analysis. Using this strategy, we were able to
quantify and isolate gender-specific differences in peripheral immune cell populations of all aged
5X mice relative to their WT littermates. Aged male 5X mice showed no significant increases in
any cell populations. Whereas peripheral myeloid populations in the females were only mildly
increased, T- lymphocyte infiltration was significantly increased in 5X female brains relative to
WT as well as their male counterparts. A significant increase in T-lymphocytes supports a role for
the adaptive immune system in AD, as we have previously shown using an AD mouse model that
lacks an adaptive immune system (Marsh et al., 2016). Moreover, FAQT can be useful in a variety
of neuroinflammatory contexts to accurately quantify infiltrating immune cell populations.

While there is strong evidence that PAM cells are CD11a negative microglia in mouse
models of AD, whether this finding translates to human AD patients has yet to be determined. It
is known that CD11a is expressed in peripheral human immune cells (Watanabe & Fan, 1998). A
recent microglial gene-expression study found CD11a is not expressed in brain tissues resected

during surgery (Gosselin et al., 2017). We are currently investigating whether human peripheral
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cells infiltrate the parenchyma and cluster around AB plaques, or whether microglia are the main
players in human AD, as seen in mouse models of AD.

In this study, we have established CD11a as a stable and reliable marker to distinguish
microglia and peripheral myeloid populations in the brain. This commercially available marker is
inexpensive and widely available in a variety of fluorochromes. For immunofluorescent staining
of fixed brain sections, we highly recommend tyramide signal amplification to greatly improve
signal intensity. While CD11a expression must be validated for each neuroinflammatory context
prior to its use, we find that in many contexts (e.g. LPS, 5xFAD, Arc48), but not all (e.g.
Toxoplasma infection), CD11a dramatically improves the ability to distinguish microglia from
other infiltrating immune cell types. Therefore, we contend this marker should be included in the

neuroimmunologist’s standard toolkit.
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MATERIALS AND METHODS

Mice. C57BL/6J (B6; stock no. 00664, JAX) strain was used for healthy, wild-type mouse
experiments. SXFAD (MMRRC stock no. 034848, JAX) heterozygous males were crossed with
C57BL/6] females to obtain AD and WT littermates. CFP mice (Rosa26°FPECFP aka TMS; Ueno
et al., 2006) were donated by Dr. Irving Weissman (Stanford University). RFP mice
(Rosa26™Tm&/mmG “aka mT/mG, stock no., 007576, JAX, (Muzumdar et al., 2007)) were generated
by Dr. Liqun Luo (Stanford University) and donated by Dr. Weissman. GFP mice (Rosa26"%"%)
mice were created at UC Irvine by crossing Rosa26"7"%/mTmG with a Cre strain that is expressed in
the male germline (Lyvel-Cre; Pham et al., 2010). The mT/mG reporter will delete the mTomato
expression cassette and express mGFP upon Cre-mediated excision. The progeny was further bred
to remove Lyvel-Cre and create Rosa26"%"® homozygous mice that were used.
Cx3crl™CFP,Cer2/RFP double reporter mice (Saederup et al., 2010) were provided by Dr. Melissa
Lodoen (UC Irvine). Arc48"- (AD) and Arc48”- (WT) littermates were a donation from Dr. Andrea
Tenner (UC Irvine). All animal procedures were approved by the International Animal Care and
Use Committee and University Laboratory Animal Resources of University of California, Irvine.
Microarray analysis of Itgal expression in immune populations. Microarrays (Mouse 430 2.0)
of mouse hematopoietic populations were downloaded and processed from the Gene Expression
Commons (GEXC, gexc.riken.jp) database (Seita et al., 2012). The microglia microarrays were
downloaded from the Gene Expression Omnibus database (Experiment: GSE29949, Arrays:
GSM741192, GSM741193, and GSM741194 (Nayak et al., 2012) and processed by the GEXC.
Itgal expression (probeset 1435560 at) was compared using the Gene Expression Activity tool,
which compares the Normalized Signal Intensity of each microarray and reports it as a percentile

of expression relative to areference panel of 11,939 microarrays. For each probeset, the StepMiner
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algorithm analyzes the expression pattern across all microarrays of the reference panel and defines
the cutoff between positive (high) and negative (low) expression, which is set as 0%.

Isolation of microglia and monocytes from brains. Mice were euthanized with Euthasol® prior
to intracardial perfusion of the circulating blood with ice-cold PBS (Hyclone™, GE Healthcare
Life Sciences). Brains and spleens were immediately extracted and placed in 10% FBS in HBSS
on ice. Microglial cells were isolated as described (Ford et al., 1995, and Carson et al., 1998)
without enzymatic digestion. Briefly, one lobe of the brains was mechanically dissociated with
manual chopping, passed through a 23G needle and sequentially forced through a 70um filter
mesh. Myelin was removed using a discontinuous layer 1.03/1.088 g/ml Percoll gradient in HBSS.
Mononuclear cells were isolated from the interface, as well as the 1.03g/ml Percoll fraction after
the floating myelin disk was aspirated.

Flow cytometry. Dissociated brains or spleens were analyzed on a BD LSR II Flow Cytometer
(BD Biosciences), BD FACS Aria II Cell Sorter (BD Biosciences), or a BD Fortessa X20
cytometer. Data were analyzed with FlowJo software (TreeStar). Single-cell imaging flow
cytometry was performed on Amnis ImageStreamX® Mark II Imaging Flow Cytometer (EMD
Millipore) and data analysis was performed on the IDEAS® software.

Immunofluorescence staining and microscopy. The second lobe of each mouse brain and spleen
was drop-fixed in fresh 4% paraformaldehyde immediately after extraction and incubated at 4°C
for 12-24 hours. Tissues were stored in 0.05% Sodium Azide in PBS (PBSN) or immersed in 30%
sucrose for 24 hours prior to cutting. Floating 40um sections of frozen brain or spleen tissue were
cut on a sliding, freezing microtome (Leica SM 2010R) and stored in 24-well plates in PBSN till
further use. For immunofluorescence staining, sections were washed with PBS and treated with

AmyloGlo® (Biosensis) to stain 3-Amyloid plaques. Sections were blocked with 10% goat serum
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in PBS (blocking buffer) prior to staining with primary antibodies. Primary antibodies were added
to sections in blocking buffer and incubated at 4°C overnight. Secondary antibodies were diluted

in PBS only and added to sections and incubated for one hour at room temperature. 7yramide

Signal Amplification (TSA): CD11a antibody (Clone 2D7, BD Biosciences Cat# 553118) signal

amplification was performed using the TSA kit (Invitrogen, #B40933) and manufacturer’s
protocol. Tissue sections were mounted on charged glass slides with mounting media with or
without DAPI.  Microscopic analysis was performed on an Olympus FV3000 confocal
microscope. It should be noted that brain tissues from each mouse and its controls were mounted
on the same slide, imaged with identical microscope settings, treated with identical post-processing
in Adobe Photoshop CS4 to ensure reliable comparisons.

Antibodies. See Table 1 for a full list of antibodies used for flow cytometry (FACS) and

Immunofluorescence (IF) imaging. Technical note: While all three CDI1a antibody clones

appeared equally robust by flow cytometry, the 2D7 clone (BD Biosciences, Catalog# 553118)
worked best for immunostaining when combined with TSA (described above), though the M17/4
clone was almost as effective.

Intracranial LPS injections. 10ug Lipopolysaccharide (LPS) from E. coli 011: B4 strain (Sigma-
Aldrich, L4391) was diluted in 30ul sterile PBS and administered intracranially. The injection
procedure for is as follows: Isoflurane (4%/min) mixed with oxygen (1L/min) were delivered to
animals via an induction chamber. LPS or vehicle (PBS only) was injected into the right
hemisphere of the brain using a 26-gauge needle inserted approximately 1 mm directly through
the skull i.e. a hole is not drilled through the skull. Vehicle or LPS are generally delivered into

ventricles by this method. Animals were analyzed 24 hours post-injection. Unpaired transplanted
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5xFAD” (WT) littermates with robust chimerism (as described above) were used for these
experiments at 6 to 8 weeks of age.

Toxoplasma gondii infection. Type 11 GFP-expressing Prugniaud tachyzoites (Kim et al., 2007)
were maintained by serial passage in human foreskin fibroblasts. For infection, parasites were
lysed out of host cells by syringe passage and diluted in sterile PBS. C57BL/6 mice or
Cx3crl™CFP,Cer27/RFP double reporter mice were infected by intraperitoneal injection of 200
tachyzoites. Mice were perfused with PBS intracardially and brains removed and fixed in 4%
paraformaldehyde at 7 days post-infection for acute infection timepoints. To induce reactivation
of latent infection, mice were injected I.P. with 2mg anti-interferon gamma or IgG control antibody
(Bioxcell) at 28- and 32-days post infection (dpi). At 38 dpi, mice were perfused and brains were
analyzed as described above.

Bone Marrow transplantation in neonatal mice. To generate 5XFAD mice with labeled peripheral
immune cells, fluorescently-labeled BM (GFP, RFP or CFP) was transplanted into neonatal
(postnatal day 1, P1) 5xFAD"" (5X) and 5xFAD”- (WT) littermates. P1 5X and WT littermates
were given <3.5 Gy (350 Rads) dose of X-ray irradiation (XRAD 320, Precision X-ray). Donor
bone marrow was first ckit-enriched by staining with microbead-conjugated ckit antibodies
(Miltenyi) and enriched using the positive selection (“possel”) setting on an autoMACS (Miltenyi).
Each pup was given up to 200,000 ckit+ BM cells from RFP mice via facial vein injection. Pups
were placed back with the mother, who was fed an antibiotic chow of Trimethoprim Sulfa
(Uniprim, Envigo). After weaning, the recipients were switched to regular chow and genotyped
with ear or tail snips. Chimerism was measured through tail vein bleeds at 5 weeks of age and
immediately before harvest and confirmed by BM HSC analysis upon tissue harvesting. 5X and

WT recipients with similar levels of donor chimerism were paired for comparison.
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Fluorescence-Assisted Quantification Technique (FAQT): To quantify relative numbers of
immune cell populations in wildtype (WT) and 5xFAD (5X) brains, fluorescently labeled brains
were added to each brain sample immediately after harvest and prior to processing. Specifically,
each WT sample contained one lobe of a WT brain and one lobe of a fluorescent reporter brain
(GFP, RFP, or CFP). The 5X sample was prepared similarly with the remaining lobe of the same
fluorescent reporter brain. Thus, each WT and 5X sample pair received equal amounts (one lobe
each) of fluorescently labeled brain tissue added to it. The samples were then processed for single
cell suspension and myelin removal as described above. During FACS analysis, each cell
population was sub-divided into fluorescent or non-fluorescent gates (for example, CFP+ and
CFP-). Assuming that each brain sample received an equal number of fluorescent brain cells, the
frequency of WT versus 5X populations could then be normalized to one another by comparing to
the frequency of that population in the fluorescent cells. To do this, the individual ratios of 5X and
WT cell populations in the final sample were obtained by first dividing percentages of CFP- cells
(5X or WT) by CFP+ cells, producing the ratios of 5X: CFP and WT: CFP cells, respectively.
Next, to obtain the relative changes in diseased mice, the SX:CFP ratio of each cell population was
divided by the WT:CFP ratio. No difference in immune cell populations between WT or 5X mice
would result in a relative change of one. To gauge the baseline sensitivity of this method, right and
left lobes of WT mice (WT lobe-to-lobe) were processed and analyzed as described above and
used as the control group for statistical comparison.

Statistical Analysis. Statistical analysis was performed with GraphPad Prism 5 software (La Jolla,

CA).
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Table 1

Antigen, clone (host), fluorochrome Vendor Application

CDl11a, M17/4 (rat, anti-mouse), PE Biolegend FACS

CDl11a, 2D7 (rat, anti-mouse), PE BD Biosciences FACS

LFA1, H155-78 (rat, anti-mouse), PE Biolegend FACS

CD45, 30-F11 (rat, anti-mouse), .

FITC or APCCy7 Biolegend FACS

CD11b, M1/70 (rat, anti-mouse), APC Biolegend FACS

CD3, 17A2 (rat, anti-mouse), PerCP-eFluor 710 eBioscience FACS

Grl, RB6-8C5 (rat, anti-mouse), .

AF700 or BV605 Biolegend FACS

CD19, 6D5 (rat, anti-mouse), BV421 Biolegend FACS

Amylo-Glo RTD, Amyloid Plaque Stain Biosensis IF

IgG, Biotinylated (goat, anti-rat) Vector Labs IF

AF555 Tyramide SuperBoost kit, Streptavidin Life IF

y P ’ p Technologies
Ibal (rabbit, anti-mouse), unconjugated Wako IF
CDl11a, 2D7 (rat, anti-mouse), unconjugated BD Biosciences IF
. . Life

Goat, Anti-Rabbit, Alexa Fluor 488 . IF

Technologies
. . Life

Goat, Anti-Rabbit, Alexa Fluor 647 . IF

Technologies
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CHAPTER 2: CD11A EXPRESSION IN TISSUE RESIDENT MACROPHAGES

Introduction

Tissue resident macrophages (trMacs) are a part of the mononuclear phagocyte system as
described by Van Furth and group (van Furth et al., 1972). They were initially thought to be
constantly replenished by the bone marrow (BM) derived monocytes, like other members of the
mononuclear phagocyte system. Other studies also discovered macrophage and dendritic cells
progenitors in the BM that replace adult trMacs of lung called Alveolar macrophages (AVM), after
irradiation (Fogg et al., 2006; Naik et al., 2007; Onai et al., 2007). Contradicting studies in
Langerhans cells (LC) in the skin and microglia (MG) in the brain did not follow this dogma, and
were radio-resistant (Ajami et al., 2007; Ginhoux et al., 2010a; Merad et al., 2002; Mildner et al.,
2007). In parabiosis studies, LC, MG and AVMs of two mice showed no evidence of mixing,
unlike blood and other tissue macrophage populations (Ajami et al., 2007; Epelman et al., 2014;
Guilliams et al., 2013; Hashimoto et al., 2013; Jakubzick et al., 2013). The developmental
relationship between BM macrophages and trMacs during homeostasis remains of long-standing
interest in developmental hematopoiesis.

Determining the exact origin of trMacs is challenging because hematopoiesis occurs in
waves, and in multiple tissues within the embryo body as well as in extra embryonic tissues that
are no longer present after birth (Orkin & Zon, 2008). This issue also plagues those interested in
the embryonic origins of HSCs and will be explored in Chapter 3. However, a plethora of
subsequent research has indicated that most trMacs are derived from erytho-myeloid progenitors
(EMPs) originate the embryonic yolk sac at embryonic day (e)7.5 (Ginhoux et al., 2010b; Gomez-
Perdiguero et al., 2015; Sheng et al., 2015; Yona et al., 2013). These cells mainly give rise to

macrophages that give rise to the second wave of “transient definitive” EMP at €8.5 (Hoeffel et
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al., 2015). These EMPs seed various tissues including the fetal liver and are capable of generating
a broader range of myeloid cells as well as definitive, enucleated red blood cells and FL. monocytes.
From el1.5 onwards, the FL becomes the major site of hematopoiesis, including for developing
and mature HSCs. The presence of these waves has mystified whether the early EMPs (at €7.5),
the late EMPs (e8.5) or the FL. monocytes (which peak at €12.5) are the true predecessors of trMacs
(Gomez Perdiguero et al., 2015b; G Hoeffel, Chen, Lavin, Low, & Almeida, 2015; Sheng et al.,
2015). Is it the same for all tissue? What is the relative contribution of BM-derived monocytes to
the trMacs during homeostatic conditions? These questions have spurred three different models

(Figure 2.1) (Ginhoux & Guilliams, 2016).
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Altogether, it has been established that most trMacs arise from HSC-independent EMPS
through two major programs. First, early EMPS (e7.5) give rise to YS macrophages without a
monocyte intermediate. These are the precursors for microglia (Ajami et al., 2007; Gomez-
Perdiguero et al., 2015b). Second, €8.5 EMPs give rise to FL. monocytes around e12.5, which give
rise to most other trMacs (Sheng et al., 2015). Thus model 3 (Figure 2.1) has been established as
the current dogma in the field. However, the role of BM-derived macrophage population during
inflammation, injury or cancers in tissue repair and return to homeostasis remains elusive. High
resolution markers that can distinguish the embryonic-derived, nascent trMacs form infiltrating
BM macrophages can help address this issue.

Langerhans Cells (LCs)

Langerhans cells are the skin’s first line of defense. LCs are known to migrate to the lymph
nodes to present antigen under homeostatic conditions, unlike other trMacs which are generally
non-migratory (Doebel et al., 2017). Moreover, LCs are also known as epidermal dendritic cells
as they typically express CD11c and are able to activate T cells. Thus, in inflammatory contexts,
it becomes difficult to differentiate between these two populations (Wu et al., 2016). However,
LCs are maintained by local proliferation in a differentiated state, like conventional trMacs
(Chorro et al., 2009; Ghigo et al., 2013; Kierdorf et al., 2013a). LC are typically characterized by
their expression of Langerin (CD207) (Valladeau et al., 2000). However, Langerin is not uniquely
expressed by LCs in the skin, it is also expressed by dermal dendritic cells. It is also known that
LCs are radioresistant, however, during inflammation, multiple studies have shown infiltration of
peripheral myeloid populations into the dermis, which mystifies the role of nascent LCs (Merad et
al., 2008). Thus, reliable markers that remain on or off in BM-derived myeloid populations would

help decipher LC- specific roles in inflammatory contexts in the skin.
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Kupffer Cells (KCs)

Kupffer cells reside in the hepatic sinusoid and main innate immune cells of the liver. They
make the largest fraction of tissue macrophages in the body. They server as the first line of defense
against endotoxins, bacteria derived from the gastrointestinal tract. Additionally, KCs are play
roles in the adaptive immune system in recognizing DAMPs, PAMPs by expressing TLRs (Naito
et al., 2004). As antigen presenting cells (APCs), they bridge the innate and adaptive immune
systems in the liver (Kolios, Valatas, & Kouroumalis, 2006). KCs are made of diverse macrophage
precursors, both pro-and anti-inflammatory (Mantovani et al., 2013). Thus, in clinical settings such
as liver transplants, the specificity of immune responses depends on amount of replacement from
BM populations (Klein et al., 2007). Mixed evidence has been presented in terms of the ontogeny
of KCs. Ginhoux and colleagues have shown that KCs are populated by EMPs before birth, while
others have shown that BM-derived cells can also differentiate into KCs (Ginhoux & Jung, 2014;
Klein et al., 2007). Therefore, markers that distinguish BM-derived KCs can demarcate the specific
function recruited cells play in transplantation, cirrhosis and other inflammatory contexts.
Alveolar Macrophages (AVMs)

AVMs are the most abundant innate immune cells in the lung and allocated along the
luminal surface of the alveolar space. They are the first line of defense against pathogens and
pollutants and help initiate immune responses. Their main local function involves the clearance of
surfactant, lubricates the lungs. The ontogeny of AVMs is different from other tissue resident
cousins, as the alveolar niche does not exist until birth (Gibbings et al., 2017; Joshi, Walter, &
Misharin, 2018). The first breath of a newborn is what establishes the first niche for this immobile
AVMs. Therefore, EMPs and FL monocytes may populate the lung during embryogenesis, but the

true source of AVMs remains elusive. Fate mapping studies have shown that AVM populations
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proliferate locally without contribution from BM populations (Hashimoto et al., 2013; Sheng et
al., 2015; Yona et al., 2013). However, it is still possible that during postnatal lung growth, as
embryonic macrophages seed the newly forming alveoli, the empty niche is then occupied by BM
monocytes (Rodero et al., 2015; Westphalen et al., 2014). Thus, markers that can distinguish BM
derived AVM population can help delineate functional consequence these cells may have during
inflammation or injury.

In Chapter 1, we established CD11a as a marker that can distinguish microglia from
peripheral BM derived cells in steady state and inflammatory contexts (Shukla et al., 2018). In this
short chapter, we explore the expression pattern of CD11a in lung AVMs, epidermal LCs as well
as liver KCs.

PRILIMINARY RESULTS

To determine whether trMac populations, besides microglia, LC, KC, and AVM were
harvest from steady-state Lyvel®*; R26™T™5* mice. This is a yolk-sac specific mouse reporter
that begins labeling Y'S endothelial cells at €9.5, as well as hematopoietic cells within the embryo
(Pham et al., 2010). This reporter has been previously reported to mark yolk sac definitive
hematopoiesis but bypasses primitive erythropoiesis. This system labels 40% of all EMPs in the
YS at €9.5. This reporter also labels a third of all HSCs in adult mice. (Lee et al., 2016). To
determine adult trMac populations expressed CD11a, we harvest LCs, KCs, and AVMs from 3-
month-old mice. KCs and AVMs were defined as CD45+, Ly6C-, Ly6G-, F4/80+ and CD206+.
Indeed, 97.3% of KCs we CDIlla- (Figure 2.2A, left panel). However, AVM had bimodal
expression of this marker (Figure 2.2A, right panel). Langerhans cells were defined as CD45+,
F4/80+, CD207+. In the LC compartment, 97.6% of cells were CD11a- (Figure 2.2B). Thus, LCs

and KCs , but not AVMs, can be distinguished from BM-derived cells using CD11a.
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Figure 2.2
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Figure 2.2: CD11a is not expressed in steady state Kupffer or Langerhans cells, while its
expression is bimodal in Alveolar macrophages. (A) Representative plots of CD45+, live cells
isolated from liver (left panel) and lung (right panel). KCs and AVMs (Ly6C-, Ly6G-, F4/80+ and
CD206+) were further gated on for CD11a expression (CD11a-, red gate; CD11a+, blue gate). (B)
Representative plots of CD45+, live cells isolated from the epidermis. LCs were defined as F4/80+,
CD207+ and were further gated on for CD11a expression as stated above. (C) Bargraphs show
trMac populations that are Lyvel-derived (green) and others (red). On CD11a- KC and LCs were
shown as they represent a majority of the cell population. Both, CD11a- and CD11a+ fraction of

AVMs are depicted. BM HSCs are approximately 30% labeled (data not shown).
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To determine whether the YS specific reporter could ascertain the source of these trMac
populations were also analyzed for CDIlla expression. As has been previously reported,
approximately 30% of all peripheral blood cells are Lyvel-derived and labeled by this reporter
(Lee et al., 2016). Within the trMac populations, we analyzed that CD11a- cells only for LC and
KC, as they represented a majority of the population. Interestingly, these two populations had very
different labeling outcomes. LC labeling matched that of peripheral blood monocytes, and EMPs
at about 30%, however, KC were almost entirely Lyvel-derived (Figure 2.2C). Moreover, the
CDl11a+ and CD11a- AVM fractions also had very different labeling. The CD11a- fraction was
nearly 90% Lyvel derived, whereas the CD11a+ represented only 50% Lyvel-derived cells
(Figure 2.2C). Overall, CD11a is not expressed in microglia, Langerhans cells and Kupffer cells,
but is expressed in some alveolar macrophages.

Most markers alter expression during inflammation. Thus, it is imperative to
determine whether CD11a expression patterns are sustained after immune challenge. One way to
demarcate BM-derived cells is using bone marrow chimeras. Here, we use WT mice that were
transplanted with GFP bone marrow (Figure 2.3A). In this system, all BM-derived cells will be
GFP+, which can help us analyze whether these cells also continue to express CD11a. TrMac
populations were analyzed one year after transplantation. As expected, LC in these mice remained
CDl11a- (Figure 2B, top left bargraph). We also observed that some CD207+ cells were CD11a+,
however, many of these cells were also GFP+, indicating that they are bone marrow derived
(Figure 2.3B, bottom left bargraph). Though further analysis is required, some CD11a+ cells were
not GFP+. These cells may account for dermal dendritic cells and host bone-marrow derived

macrophages that may be present in the epidermis.
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Figure2.3: CD11a can distinguish bone marrow derived cells after irradiation. (A) Schematic
of neonatal transplantation. Ckit+ GFP BM was transplanted into irradiated newborn WT mice.
Tissues were harvested one year after transplant. (B) CD11a expression in trMacs (top panels, n=3
mice) and percentage of GFP chimerism (bottom panels, 3 individual mice shown) in spleen (grey
bars) to display peripheral chimerism, CD11a- fraction (red bargraph, where applicable) and

CD11a+ fraction (blue bargraph).
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Surprisingly, all KCs were CD11a+ (Figure 2.3B, top middle bargraph). Additionally, most of
these cells were also GFP+, BM-derived cells (Figure 2.3B, bottom middle bargraph). Thus, it is
likely that KC are not resistant to irradiation, and we completely replace by bone marrow-derived
cells. AVM were also mostly CD11a+ (Figure 2.3B, top right bargraph), but were not as highly
replenished by the bone-marrow (bottom right bargraph). Thus, CD11a expression is reliable for
radioresistant trMacs, like Langerhans cells and microglia. While depleted Kupffer cells are
replenished by bone-marrow derived cells, the alveolar macrophages may be repopulated by an

alternative source.

DISCUSSION

Langerhans cells remain CD11a-, despite possible activation due to irradiation. Activation
in severe inflammatory contexts and disease models has yet to be confirmed. In regards to their
ontogeny, and inducible Lyvel system can perhaps be more informative. Inducing Lyvel labeling
after el11.5, when its expression in FL peaks can help target trMacs that are exclusively derived
from FL monocytes. Additionally, inducing Lyvel labeling when its expression first begins in the
YS at €9.5, can help trace trMac populations that are derived from EMPs that emerge at €8.5.
While CD11a may be useful in distinguishing LCs during steady-state conditions, the presence of
few CDIlla+ cells may also indicate low BM replacement. It has been shown that LC are
radioresistant (Merad et al., 2002). However, despite irradiation, the level of CD11a+ cells only
increase from 2% in steady-state to <10% in chimeric mice. Moreover, it is also possible that
increased numbers dendritic cells are also included in this CD11a+ populations, given the low
levels GFP chimerism in this population. Together, it can also be concluded that BM-derived cells

have a relatively low contribution in the total Langerhans cell compartment.
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Kupffer cells were mostly CD11a- in steady state conditions. After irradiation, they were
mostly CD11a+. However, given the percentage of GFP chimerism, it can be concluded that host
KCs did not survive irradiation and the niche was filled by GFP+ bone-marrow derived cells.
Lyvel labeling within KC compartment corroborates existing data that most KCs are derived by
FL monocytes (Guillaume Hoeffel et al., 2015; Sheng et al., 2015), that were then irradiated due
to irradiation at birth. Thus, CD11a expression must be further examined in non-irradiated mice
that have been challenged, such as with LPS.

Trends of CD11a expression in alveolar macrophages were most complex. Under steady
state conditions, CD11a+ and CD11a- AVMs were found. This may fit the paradigm where fetal
derived, possibly CD11a-, AVMs migrate towards developing alveoli and BM derived monocytes
are recruited to fill the empty niche in the existing ones (Joshi et al., 2018; Rodero et al., 2015;
Westphalen et al., 2014). Lyvel labeling in the CD11a+ AVMs was comparable to HSC labeling,
which further supports this model. Therefore, further fate mapping analysis is required to
determine the exact source(s) of AVMs. Like KCs, all AVMs were CD11a+ after irradiation.
Interestingly, their GFP chimerism was not as high as peripheral chimerism. This can have two
possible explanations. First, the putative nascent AVMs (CD11a- fraction) upregulates CD11a
expression after irradiation. Or, second, it is possible that there is another host-derived source that
repopulates these cells, which is not BM-derived. Follow up analysis of AVMs at different stages
of lung development may help address this question. If embryonic derived AVMs are constantly
migrating toward younger alveoli, analysis in aged mice should show diminishing CD1 1a- fraction
of AVMS.

In this preliminary analysis, we have shown an incredible range of CD11a expression

within trMac population in steady state and in chimeric mice. Thus, further analysis in steady-state
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as well as inflammation contexts is necessary. Each trMac population must be carefully
manipulated to gain insight into their patterns of CD11a expression. It is possible, that a complete
picture of CD11a expression may reveal clues about the source of each of these populations. More
importantly, however, CD11a can be an effective tool to study the contribution of BM-derived

cells in steady-state and inflammatory contexts within each tissue.

MATERIALS AND METHODS

Lyvel¢/Cre (Pham et al., 2010) mice were mated with Rosa26™Tm6/mTmG (Myzumdar et
al., 2007) and harvest at 3 months of age.
Epidermal cell harvest. Mice were shaved fully on their backs and sprayed Spray the shaved
region with 70% ethanol. Back skin was cut without penetrating the peritoneum. Fat that
connecting the skin to the peritoneum was removed at this time. Skin was pinned epidermis side
down and excess fat from dermis was removed using a razor blade. Skin was cut into smaller
pieces and treat topically with Smls of 0.25% Trypsin without EDTA. This was incubated at 37°
for 1 hour without CO: (in a bacterial incubator). Trypsin was deactivated, epidermal cells were
scrapped off, washed and stained for FACS analysis.
Liver and Lung harvest. Liver and lung were harvests, cut into smaller pieces, and placed in
70um cell strainer. The strainer with tissue was places in a 6-well plate. Smls of harvest media
(5mg/ml Collagenase IV, 10U.ml DNase II, RPMI) were pipetted into each well. Tissues were
incubated for 37° for 30 minutes without CO> (in a bacterial incubator). After incubation, tissues
were passed through the strainer using a plunger of a 3ml syringe. Media with cells was
transferred to 15ml conical tube containing FACs buffer and spun at 1000 rpm for 15 minutes.

Tissues were washed with PBS only and spun again. Supernatant was decanted and resuspended
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in 40% Percoll. Cells were than overlay on 70% Percoll layer to for percoll gradient. Cells were
spun at 2500rpm for 30mins without brakes. Cells were extracted from the interface with that
contains mononuclear cells and resuspended in FACS buffer. Cells were washed once more in
FACS buffer and stained for FACS analysis.

Bone Marrow transplantation in neonatal mice. To generate chimeric mice with labeled
peripheral immune cells, fluorescently-labeled BM (GFP) was transplanted into neonatal
(postnatal day 1, P1) C57BL6/J mice that were given <3.5 Gy (350 Rads) dose of X-ray
irradiation (XRAD 320, Precision X-ray). Donor bone marrow was first ckit-enriched by staining
with microbead-conjugated ckit antibodies (Miltenyi) and enriched using the positive selection
(“possel”) setting on an autoMACS (Miltenyi). Each pup was given up to 200,000 ckit+ BM
cells from GFP mice via facial vein injection. Pups were placed back with the mother, who was
fed an antibiotic chow of Trimethoprim Sulfa (Uniprim, Envigo). After weaning, the recipients
were switched to regular chow and genotyped with ear or tail snips. Chimerism was measured
through tail vein bleeds at 5 weeks of age and immediately before harvest and confirmed by

splenocyte analysis upon tissue harvesting.
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CHAPTER 3: EXTRA-EMBRYONIC MESODERM-DERIVED HEMATOPOIETIC
STEM CELLS

INTRODUCTION

The mechanisms of hematopoietic stem cells (HSCs) emergence during development,
including which tissues produce the first HSCs in the embryo, remain contentious in the field.
HSCs. There is general consensus in the field that the first blood cells appear in the yolk sac (YS)
around embryonic day 7.0 (e¢7.0). However, these cells are a part of the “primitive” hematopoietic
wave and lack characteristics such as engraftability, multipotency and the ability to self-renew
over a lifetime. These are the defining characteristics of HSCs, which arise during the definitive
hematopoietic wave around el 1.5, from embryonic precursors, or pre-HSCs. Pre-HSCs can be
found in the aorta-gonad-mesonephros (AGM), the fetal liver (FL), as well as the YS and placenta
starting at €10.5 (Taoudi et al., 2008). However, circulation begins at €8.5. Thus, the origin of
these HSC predecessors remains unclear as they are in circulation.

While there is robust evidence suggesting that pre-HSCs emerge de novo from the ventral
wall of the dorsal aorta in the AGM, it relies on the transplantation of ex vivo tissues explants of
the dorsal aorta (J. Bertrand et al., 2010; Cumano et al., 2001). Other studies include evidence of
time-lapse imaging of the dorsal aorta in zebrafish embryos and mouse dorsal aorta sections
cultured in vitro (J. Bertrand et al., 2010; J.-C. Boisset et al., 2010; Kissa & Herbomel, 2010). This
phenomenon of endothelial to hematopoietic transition (EHT) is attributed to specialized group
endothelial cells called hemogenic endothelium. More recently, transplantation of cultured pre-
circulation embryos, where YS has been removed, also attributed definitive HSC activity to
embryonic sources like AGM (Ganuza et al., 2018). However, in vivo evidence also suggests that
HSCs and their precursors originate in extraembryonic sources, like YS and PL, which are no

longer present at birth. Lineage tracing studies using a tamoxifen-inducible Runx[-CreER reporter
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showed HSC labeling, where Cre induction took place when Runxl was expressed only in the YS
(Samokhvalov et al., 2007). However, Runx! is expressed in all hematopoietic cells, which can
confound conclusions if tamoxifen lingers when Runx/ turns on within the embryo proper.
Evidence for the placenta as the site for HSC development has also been presented (Lee et al.,
2016; Lee et al., 2010; Mikkola et al., 2005; Ottersbach & Dzierzak, 2005). Additionally, in Nex/
knockout embryos that lack circulation and die at €10.5, all hematopoietic cells are found in the
YS and PL (Lux et al., 2008; Rhodes et al., 2008). Thus, concluding whether the yolk sac and other
extra-embryonic tissues give rise to adult HSCs has been difficult.

However, the field generally agrees that YS can give rise to some definitive hematopoietic
populations. Definitive, erythro-myeloid progenitors (EMPs) are required for the sustenance of the
developing embryos until fully mature HSCs can take over the total hematopoietic output in the
mouse. EMPs originate in the Y'S at 8.5 in a myb-independent manner, a transcription factor that
is required for HSC development (Gomez Perdiguero et al., 2015a; Guillaume Hoeftel et al., 2015;
McGrath et al., 2015; Schulz et al., 2012). Unlike definitive HSCs, EMPs are not engraftable in
the adult, they do show transient erythroid potential (McGrath et al., 2015). However, most tissue-
resident macrophages, such as microglia in the brain and Langerhans cells in the epidermis are
derived from EMPs (Ginhoux et al., 2010; Gomez-Perdiguero et al., 2015; Gomez-Perdiguero et
al., 2015; Sheng et al., 2015). Thus, the exact contribution of tissues like the yolk sac and the
placenta in definitive hematopoietic cells, especially pre-HSCs and HSCs must be established.

A tamoxifen-inducible HoxB6-CreER reporter can address whether any HSCs are derived
from extra-embryonic mesoderm (EEM) in tissues like the yolk sac, placenta as well as the vitelline
vessels (Nguyen et al., 2009). HoxB6 is a homeobox gene that is expressed in all of mesoderm,

thus a HoxB6-Cre reporter has been previously shown to label all blood cells (Zovein et al., 2010).
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However, HoxB6 is first expressed in the EEM at €7.5. Its expression in the embryonic mesoderm
(EM) starts at €8.5 (Lowe et al., 2000). This window, where HoxB6 expression is localized to the
EEM, can be utilized to trace hematopoietic stem cells in the adult that arose there.

Through timed and paired mating, as well as the use of active metabolite of tamoxifen, 4-
hydroxytamoxifen (4OHT), we show that extra-embryonic sources do contribute to primitive and
definitive hematopoietic cells. At timepoints of 4OHT injection when labeling is restricted to the
yolk sac and placenta within the embryos, we see HSC labeling in the adult counterparts. These
HoxB6- derived HSCs consistently give rise to all lineages of adult blood cells, are long lived, and
have similar engraftability and lineage potential upon transplantation as their non HoxB6-derived
counterparts. Additionally, our data also indicates that EMPs and tissue resident macrophages are
not HoxB6-derived. Thus, HoxB6-CreER reporter provides evidence for extra-embryonic sources

of hematopoietic stem cells.

RESULTS
HoxB6 is expressed in the extra-embryonic mesoderm tissues before embryonic mesoderm.
Pregnant females from HoxB6 and mTmG crosses were injected with single 4OHT
injections to induce Cre expression while HoxB6 expression is on. Embryos were always harvested
at €10.5 for flow cytometry and immunohistochemistry (Figure 3.1A). In t6.5 and t7.0 embryos,
where tamoxifen is injected at €6.5 and €7.0, respectively, GFP labeling is only observed in tissues
of the EEM, namely YS, PL, umbilical as well as the vitelline arteries (Figure 3.1B left panel,
3.2A, 3.2B left panel). There is no visible GFP in the body of t7.5 embryos (Figure 3.2C). GFP
labeling in the embryo body is observed in the isthmic organizer (head region), and limb and tail

buds of t8.5 embryos (Figure 3.1B right panel, S1B right panel). The presence of GFP within the
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Figure 3.1
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Figure 3.1: HoxB6 expression in EEM precedes EM. (A) Schematic of timed breeding strategy,
Cre induction using single 4OHT injections at various timepoints, and harvest at embryonic day
10.5. (B) Dissecting scope images of €10.5 embryos injected with 4OHT at €7.0 (top) and €7.5
(middle) and e8.5 (bottom). At t7.0 labeling is restricted to EEM tissues like YS, PL, umbilical
artery (not shown) and vitteline artery (VV). At t7.5 both vitelline vessels are labeled, placental
and yolk sac labeling peaks at this timepoint. At t8.5 labelling of EM within limb buds and head,
in addition to both umbilical vessels and vitelline vessels is observed. Diminished labeling is seen
in the PL and YS.
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embryo was also ascertained using sagittal sections. No labeling is seen within or near the dorsal
aorta of t7.0 embryos (Figure 3.1C left), whereas extensive labeling is observed near the dorsal
aorta (DA), from forelimb bud to tail bud regions of the t8.5 embryo (Figure 3.1C right panel,
3.2D). Immunofluorescence staining of YS and AGM also revealed that only CD31+ endothelial
cells in the YS are labeled at t7.0 embryos, and no labeling is seen within the endothelial cells of
the DA (Figure 3.1D, top two panels). In t8.5 embryos, CD31+ cells within YS and AGM are
robustly labeled with GFP (Figure 3.1D, bottom two panels). Thus, with early injections (t6.5 and
t7.0) we can achieve labeling exclusively within tissues of the EEM. While t7.5 injections result
in some labeling of endothelial cells in the AGM, it also robustly labels all EEM tissues as well.

In t8.5 embryos, robust labeling was observed within EM, including in the AGM.

HoxB6 labels endothelial cells and definitive hematopoietic populations.

To quantify the amount of labeling within each tissue, the YS, PLU, VV, AGM and FL
were dissected as described above and analyzed using flow cytometry. We quantified each
embryonic population by absolute cell number per embryo for determining the abundance of each
cell type in each tissue as well as percentage of GFP cells to determine overall labeling of each
population by the reporter. GFP+ endothelial cells (Figure 3.3A, Terl119-, CD43+, CD144+,
CD31+; ECs), which may include hemogenic endothelium, were most abundant in YS and PLU
in t6.5, t7.0 and t7.5 by absolute cell count estimates per embryo (Figure 3.3B left panels, 3.4A).
Overall labeling in ECs was significantly higher within YS and PLU in t6.5 and t7.0 embryos
compared to AGM and FL, where little to no labeling was detected (Figure 3.3B right panels,

3.4A). Together, the absolute cell numbers of GFP+ EC indicate that the YS and PLU are
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Figure 3.2

RFP GFP CD31 DAPI GFP CD31

Figure 3.2: Immunofluorescence images reveal EEM specific labeling prior to e7.5. DAPI
images of transverse or sagittal sections of whole embryos at t7.0 (top row), t7.5 (middle row),
t8.5 (bottom row). GFP labeling within CD3 1+ endothelial cells (yellow arrows) begins in the Y'S
at t7.0 (top row). Labelling within the AGM begins at t7.5 (middle row), and peaks at t8.5 (bottom
row). For DAPI only images scale bar =1000pum. All other scale bars =200um.
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labeled in this system, with a decline in Y'S labeling in t8.5 embryos (Figure 3.3E left panel). This
data also indicates that labeling is restricted EEM tissues t6.5, t7.0 and t7.5 embryos.

Next, we examined primitive hematopoietic cells, which originate in yolk sac blood islands
at €7.5. Primitive red blood cells (pRBCs) were differentiated from maternal blood cells using
Ter119 expression and higher forward scatter (Figure 3.4E, top panel, red gates). GFP+ pRBCs
were highly abundant in Y'S and PLU in all cases (Figure 3.4E, middle panel) with highest labeling
in t7.0 embryos (Figure 3.4E, bottom panel).

We also examined whether definitive hematopoietic populations were also labeled in this
system. GFP+ hematopoietic cells (Ter119-, CD43+, CD144+/-) were present at significantly
higher levels in the YS and PL in t7.0 and t7.5 embryos. This trend is consistent with the higher
level of endothelial cell labeling in these embryos. The labeling of these circulating cells was
expectedly consistent within all tissues at all timepoints (Figure 3.3C, 3.4B). Within the
hematopoietic compartment, we putative hematopoietic precursors of HSCs, defined as Ter119-,
CD43+, Ckit+, Scal+, CD144+, CDI11a- (Karimzadeh et al, 2019 unpublished data), which we
call 11a” KLS. In all cases, 11a- KLS cells most abundant in the YS and PL (Figure 3.3D, 3.4C
left panels. Moreover, in t7.0 embryos, the percentage of 11a” KLS cells in PL significantly higher.
GFP- labeled HCs and 11a” KLS cells are also most abundant in the YS and PLU (Figure 3.3E,
middle. right panels). Additionally, the number of labeled HCs and 11a- KLS cells also declines
in t8.5 embryos, indicating that HoxB6 reliably labels hematopoietic cells that originate in the

EEM.
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Figure 3.3
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Figure 3.3: EEM-specific labeling is achieved in e10.5t7.0 embryos. (A) Representative flow
cytometry gating strategy of endothelial and hematopoietic populations in the yolk sac at €10.5.
(B) GFP+ Endothelial cell (EC; Ter119-, CD43-, CD144", CD31%) labeling in all tissues after Cre
induction at 7.0 (top row), 7.5 (middle) and e8.5 (bottom row) with single injections of 4OHT.
GFP+ ECs are present in higher numbers (left column) in EEM tissue like YS and PL after 7.0
and e7.5 inductions. Absolute number (bottom left) and overall percentage of GFP+ ECs increases
in the AGM at t8.5. Asterisk above any one tissue indicates similar degree of significance
compared to AGM and FL (for example, absolute cell number of GFP+ ECs YS at t7.0 is
significant than AGM and FL, p <0.005 for each) (C) GFP+ total hematopoietic cells (HC; Ter119-
, CD43") are prevalent in EEM tissues at all time points. (D) GFP+ embryonic precursors of HSCs
(11a’KLS; CD43", Terl19, cKit", Scal®). Most labeled cells are within EEM tissues. (B-D)
Statistical significance was determined with one-way ANOVA and Tukey’s post test comparison.
(E) Absolute cells numbers of labelled EC, Total HC, and 11a’KLS populations are shown for all
timepoints of Cre induction with single 4OHT injections. No labeling is observed at t5.5 injections
anywhere within the embryo. Few labeled hematopoietic cells are found only in YS and PL at t6.5.
EC labeling is restricted to YS and PL at t7.0 indicating exclusive EEM labeling. Labeling of ECs
within the AGM begins at t7.5 and surpasses Y'S labeling at t8.5.
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HoxB6 labels all adult blood lineages as well as long-term hematopoietic stem cells.

To examine whether HoxB6 derived cells contribute to adult hematopoiesis, HoxB6™';
R26™TmG mice were allowed to be born after single 4OHT injections (Figure 3.5A). Mice were
bled every 4 weeks to determine the amount of labeling in PBMCs. In t7.0 mice, where labeling
is restricted to EEM in embryos (Figure 3.1B, 3.1D), two percent of all blood lineages were
labeled consistently for 12 weeks (Figure 3B). Regardless of the time point of 4OHT injections,
no lineage bias was observed in the GFP+ blood cells, with a maximum of 40% of peripheral blood
being labeled starting at t7.5 (Figure 3.5C, 3.4B).

The lack of lineage bias and consistent levels of labeling for twelve weeks pointed to the
presence of long-term hematopoietic stem cells (HSCs). Thus, we examined the bone marrow
compartment to quantify whether HSCs, defined as CD27+, Ckit+, Scal+, CD150+, CD34- cells,
were GFP+ (Figure 3.5D). Indeed, labeling of HSCs begins in t6.5, t7.0 and peaks in t7.5, similar
to the peripheral blood levels (Figure 3.5E). Together, these data provide a strong argument that

HoxB6 derived HSCs originated in the tissue of EEM, like the placenta and the yolk sac.

EEM-derived HSCs are self-renewing and engraftable, like those derived from AGM.

In addition to being multipotent, bona fide HSCs are also capable to homing to the bone
marrow niche upon transplantation. To compare the engraftability of HoxB6-derived HSCs with
other HSCs, whole bone marrow from HoxB6%*; R26™T™5* mice was transplanted into irradiated
C57BL/6J adult mice (Figure 3.6A). Recipients were bled every four weeks for a twelve-week
period to ensure engraftment, long term self-renewal and multipotential of transplanted HSCs.
HoxB6-derived cells were represented in all blood lineages and at normal distributions even at 12

weeks (Figure 3.6B). This data strongly indicated that HoxB6 derived HSCs were self-renewing
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Figure 3.4
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Figure 3.4: HoxB6 labels primitive RBCs and definitive hematopoietic progenitors. Absolute
cell number per embryo percentage (right) of EC (A), total HCs (B) and CD11aKLS cells (C)
labeling in €10.5t6.5 embryos (n=4 independent litters and experiments). (D) Percentage labeling
of embryonic tissues over time. (E) Labeling of Primitive RBCs (pRBCs), defined as CD43-
,Ter119+ gated based on size (representative FAC plots, top), absolute number of GFP+ pRBCs
middle graph, and percentage (bottom graph) over time.
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Figure 3.5
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Figure 3.5: HoxB6 labels all adult blood lineages and HSCs. (A) Schematic of breeding
strategy, Cre induction and tissue harvest in adults. Peripheral was blood collected every 4weeks
after birth. Blood, bone marrow, and microglia were collected at 12weeks of age. (B) All blood
lineages are consistently labeled at 4, 8, and 12 weeks of age at t7.5 injections. (C) No lineage bias
in adult blood is observed at any time of 40OHT injection. Labeling of adult blood cells begins at
t7.0. (D) Representative gating strategy for flow cytometric analysis. HSCs in whole bone marrow
are defined as CD27", Ter119-, Ckit", Scal®, CD150*, CD34". (E) HSC labeling at each timepoint
of 40HT injection. No labeling is observed at t5.5 (n=23 mice, 3 litters). HSC labeling begins at
t6.5 ( n=20 mice, 4 litters). At t7.0 (n=) HSCs labeling becomes prevalent and peaks at t7.5 (n=18
mice, 3 litters) and t8.5 (n= 5 mice, 1 litter).
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and engraftable. Indeed, the recipient GFP and RFP chimerism reflected the donor GFP labeling
(Figure 3.6C). No significant increases or decreases were observed in percentage of GFP and RFP
HSCs in recipients when compared to donor HSC labeling (Figure 3.6D). Thus, HoxB6-derived
HSCs are multipotent, long-term self-renewing, engraftable and functionally identical to non-

HoxB6 derived HSCs.

Most erythromyeloid progenitors and microglia are not HoxB6 derived.

Definitive erythromyeloid progenitors (EMPs) are thought to originate in the YS, seed
embryonic tissues, and give rise to tissue resident macrophages in the adult (Sheng et al., 2015).
EMP development in the Y'S is distinct from primitive hematopoiesis as well as independent from
HSC precursors (Gomez-Perdiguero et al., 2015; McGrath et al., 2015). Thus, we examined
whether EMPs (Ter119-, CD43+, Ckit+, CD41'°, FCyR+) labeled within our system. In all cases
GFP+ EMPs were most abundant in the YS, fitting the dogma that they originated there (Figure
3.7A). Peak labeling of EMPs was observed in t7.5 embryos. Lack of EMP labeling in t8.5
embryos suggests that EMPs no long express HoxB6.

Given the transient labeling in EMPs, we predicted that t7.5 adult mice would have robust
labeling in Y S-derived tissue resident macrophages. To test this, we harvested microglia (CD11b+,
CD45"°) from adult t7.5 HoxB6<*; R26™™5* mice at 12 weeks of age. Interestingly, microglia
showed very low amount of GFP labeling compared to peripheral macrophages (CD11b+, CD45M)
isolated brains of these mice ((Figure 3.7B). In fact, in t7.5 mice, which showed peak peripheral
blood and HSC labeling, only about 5% of microglia were HoxB6-derived (Figure 3.7C). In t7.5
and t8.5 mice, microglial labeling was approximately 10% or less than that of peripheral

macrophages or HSCs in the same mice (Figure 3.7D). Thus, most cells in the hematopoietic wave
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Figure 3.6
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Figure 3.6: HoxB6-derived HSCs are self-renewing, multipotent and engraftable like non-
HoxB6 derived HSCs. (A) Schematic of transplantation strategy and lineage reconstitution in
recipient. (B) Lineage distribution in recipients 12weeks after transplantation shows reconstitution
of all lineages in total GFP+, CD45+ cells. (C) Representative comparison between recipient GFP
HSC chimerism 12 weeks after transplant. GFP chimerism in recipients (n=2 per donor) reflects
levels of GFP labeling in donor (n=7). X indicates failed transplant (1/14). (D) Long term self-
renewal of GFP HSCs shown by a lack of significant decrease in GFP (top) and increase in RFP
(bottom) levels in the recipients compared to the donor. (B-D) Data includes donors(n=7) and
recipients (n=14) from two independent litters which received 4OHT at e7.5 and independent

transplant experiments.

86




Figure 3.7
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Figure 3.7: Most erythro-myeloid progenitors are not HoxB6-derived. (A) Schematic
representation of divergence of EMP from other HoxB6-derived mesodermal cells EEM. (B)
Representative flow cytometry plots and gating strategy for EMPs (Ter119-, CD43, CD144",
Ckit", CD41%°, FC,R") in €10.5 embryos. (C) Absolute number of GFP+ EMPs in each tissue from
t5.5 to t8.5 embryos. EMPs were most abundant in the YS at all timepoints (D) Representative
gating scheme for HoxB6-derived microglia (CD11b*, CD45%; red gate) and peripheral
macrophages (CD11b*, CD45"; blue gate). (E) Labeling in microglial population from litters
induced with 4OHT at different timepoints. (F) Labeling of microglia (red triangles) , peripheral
macrophages in the brain (blue squares), and HSCs (grey circles) at t7.5 and t8.5. Microglial
labeling was on approximately10% of that of the peripheral populations.
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that is responsible for EMP development, are not HoxB6-derived, despite their Y'S origin (Figure
3.7E). This modal further proves the notion that EMPs development independently from the

embryonic precursors that give rise to adult HSCs.

DISCUSSION

The AGM is thought to be the ultimate source of definitive pre-HSCs (J. Bertrand et al.,
2010; Cumano et al., 2001; Ganuza et al., 2018). The vitelline arteries, which we consider as part
of the EEM here, have also been shown to contain hemogenic endothelium cells (Zovein et al.,
2010). In other studies, the placenta has also been attributed as a site a site for HSC development
(Gekas et al., 2005; Lee et al., 2016; Mikkola et al., 2005). However, the YS is typically considered
to be a source of only primitive bloods cells, and definitive erythromyeloid progenitors (Cumano
et al., 2001; Sheng et al., 2015). Our data support the idea that definitive precursors of HSCs arise
in multiple hematopoietic sites, including the yolk sac and the placenta.

Through tightly controlled mating and induction of Cre using 4OHT, we were able to
obtain EEM- specific reporter labeling in t7.0 embryos. Our in vivo, non-invasive model
demonstrates the abundance of labeled pre-HSCs and total hematopoietic cells in YS and PL, while
there is no evidence of endothelial cell labeling within the AGM or fetal level through flow
cytometry or imaging of sectioned embryos. Thus, any GFP hemogenic endothelial cells (HECs),
which gave rise to Pre-HSCs and subsequently adult HSCs observed in t7.0 mice, are like located
in the YS or the placenta.

Our assertion of EEM-specific labeling relied on endothelial cell labeling observed in the
embryos, because hematopoietic cells are in circulation and their location is not indicative of their

origin. However, for each analysis, absolute cell number per embryo was determined to identify
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the tissues in which each population was most abundant. Total GFP hematopoietic cells as well as
11a’KLS Pre-HSCs were significantly more abundant in YS and placenta compared to the AGM
not just in t6.5 and t7.0 embryos, but also in t7.5 embryos. Given this disparity and the extensive
labeling of ECs in these tissues within these embryos, it can be concluded that some of these cells
may have freshly emerged from HECs and have yet to enter circulation. However, it is also
possible that higher number of hematopoietic cells is due to the fact that the YS and placenta are
highly vascularized. Regardless, labeled endothelial cells were most abundant in EEM tissues,
especially in t6.5 and t7.0 embryos. The percentage for GFP+ endothelial cells in t7.0 embryos
was also significantly higher in YS and placenta, which further demonstrated that the labeling was
restricted to these EEM tissues.

Our lineage tracing experiments were also carried out in adult mice. Adult blood cell
labeling is first observed after Cre induction as early as €6.5 (in t6.5 adults). GFP labeling peaks
at t7.5 indicating that HoxB6 is likely expressed in AGM mesoderm during this time, in addition
to EEM. In all cases, percentage of labeling was consistent across all blood lineages, indicating
the presence of labeled HSCs. Indeed, as seen in the embryos, HSC labeling is also first observed
in t6.5 adults, albeit at very low levels. However, these HoxB6-derived HSCs are exhibit all
characteristics of true HSCs. They are multipotent, as myeloid and lymphoid blood cells in
HoxB6¢;R26™T™G* adults are equally labeled. These lineages are consistently labeled for 12
weeks, indicating that the HSCs self-renew long term. Finally, these HSCs also replenish all blood
lineages upon transplantation, and are as engraftable as their non-HoxB6 derived counterparts.
Together, our results suggest that some HSCs do originate in the extra-embryonic tissues, and are

comparable to those that originate in the AGM.
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The HoxB6 system has also confirmed previous studies that the developmental branch of
EMPs that originate in the Y'S is distinct from that of HSCs that arise there (Guillaume Hoeffel et
al., 2015; Schulz et al., 2012) . EMPs are responsible for seeding developing tissues, and are
considered the primary source of tissue resident macrophages, such as microglia (Ginhoux et al.,
2010; Gomez-Perdiguero et al., 2015; Kierdorf et al., 2013a). Interestingly, though the YS was
extensively labeled in t7.0, t7.0 and especially in t7.5 embryos, microglia labeling was not nearly
as extensive in their adult counterparts of these mice. Peak microglia labeling was observed in t7.5
and t8.5 adults, but it was roughly 10% of peripheral macrophages or HSCs labeling in these mice.
One of the reasons behind low microglial label can be that EMPs are simply not HoxB6-derived.
HoxB6 is either not expressed or is expressed for a very short period of time in EMPs or the
developmental precursors that give rise to microglia. Studies have also suggested that in other
tissue resident macrophages like liver Kupffer cells and Langerhans cells in the skin, fetal liver
(FL)-derived precursor may be replaces the original YS-derived cells that seeded tissues
(Guillaume Hoeftel et al., 2012; van de Laar et al., 2016; Yona et al., 2013). In all cases in the
HoxB6 system, endothelial cells in the FL had little to no labeling, by absolute cells count as well
as percentage of GFP cells. The low amount of microglia labeling can also be explained if these
FL-derived cells do emerge directly from HECs in the FL, and then replace the YS-derived cells
seeded in the brain. This finding would be novel, but further study is required to distinguish these
FL-derived precursors from Y S-derived EMPs.

Overall, our study provides evidence that extra-embryonic sources of HSC exist, but does
not negate the contribution of AGM as a prominent site of HSC development. Future studies will
focus on determining whether the EEM derived HSCs come from the placenta, as has been

previously reported (Gekas et al., 2005; Lee et al., 2016), or whether the Y'S has any contributions.
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While transplantation of separated EEM tissues can be used to deduce this as has been previously
reported (Karimzadeh et al., 2019 unpublished data), a lineage tracing system that can distinguish
placenta-derived from yolk sac-derived and vitelline vessel-derived hematopoietic cells, would be

most certainly identify the extra embryonic source of hematopoietic stem cells.

METHODS
Mice: homozygous HoxB6-CreER, aka HoxB6 (Nguyen et al., 2009) with Rosa26"7¢/mTmG aka
mTmG, stock no., 007576, JAX (Muzumdar et al., 2007). C57BL/6J (B6; stock no. 00664, JAX)

adult mice were used for transplantation.

Timed pregnancies and embryo collection: Hox and mTmG mice were placed in the same cage
for mating after 6pm, at the beginning of the 12-hr dark cycle. Females were examined for post-
coital plugs and separated from males the following morning. Noon on the day of the post-coital
plug was counted as embryonic day 0.5 (i.e. €0.5). Plugged females were injected with Img of 4-
hydroxytamoxifen (4OHT; Millipore Sigma, CAT# 579002-5mg) was dissolved in corn oil with
10% absolute ethanol. Briefly, Smg vial of 4OHT was reconstituted with 100ul of ethanol by
vortexing for Smins at room temperature. The mix was then added to 900ul of corn oil and
sonicated (60Hz) at room temperature for 45 mins (Branson 2510). 200ul were administered to
each female via an intraperitoneal injection. All plugged females sacrificed on €10.5 for embryonic
analysis or litters we allowed to be born. E10.5 embryos were staged according to 30-36 somite

pair count. Tissue labeling was examined using a dissecting microscope (Nikon SMZ1500).

Immunofluorescence staining and microscopy: Embryos were also dropped and incubated 4%

paraformaldehyde immediately after dissection and incubated at 4°C for 12-24 hours. Embryos
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were then transferred to 30% sucrose for cryopreservation and embedded in OCT. 20 micron
transverse and sagittal cryostat sections (Leica CM1850) were obtained on 0.3% Gelatin-coated
slides. Slides were incubated with primary antibodies overnight at 4°C and for 1 hour at room
temperature with the secondary antibodies in a humidified chamber. Slides were imaged an
Olympus FV3000 confocal microscope

Embryo tissue harvest and flow cytometry: For flow cytometry analysis, embryos were dissected
and Yolk sac (YS), Vitelline vessels (VV), Placenta and Umbilical vessels (PLU), Fetal liver (FL),
Aorta-gonad-mesonephros (AGM) were collected in separate Eppendorf tubes. For AGM
dissection, tail region below the lower limb bud, head region above the upper limb buds, as well
as all four limb buds themselves were removed. FL was collected and the remaining tissue which
contains the dorsal aorta (DA) is collected as “AGM”. Tissues from 4-5 embryos were pooled for
analysis. Here we consider YS, PLU and VV tissues containing the extra-embryonic mesoderm
(EEM), while AGM and FL are characterized as embryonic mesoderm (EM). Tissues were
dissociated with 1mg/ml Collagenase type IV (Gibco; REF 17104-019) for 30 minutes in a 37°C
water bath. Dissociated cells were then washed with 2% FBS in PBS and stained for analysis.
Absolute cell numbers per embryo equivalence (ee) were determined by adding 10,000 Count
Bright cell counting beads (Invitrogen; REF C36950) to the sample before acquisition on the
cytometer. Cells in each population were normalized based on the number of beads acquired in the
sample and divided by the number of embryos pooled for analysis. Statistical analysis was

performed with GraphPad Prism 5 software (La Jolla, CA).
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Immunofluorescence (IF) imaging.

Antibodies. See Table 2 for a full list of antibodies used for flow cytometry (FACS) and

Table 2
Antigen, clone, fluorochrome Vendor Purpose

CDl11a, M17/4, Biotin, PE Biolegend FACS
CD117,2B8, BV421 Biolegend FACS
CD27,LG.3A10, APC/Cy7 Biolegend FACS
CD45, 30-F11,BV785,7PE, APC/Cy7 Biolegend FACS
CD16/32,93 ,BV510 Biolegend FACS
CD3, 390, PerCP-eFluor 710 eBiosciences FACS
Scal, D7, PECy7 Biolegend FACS
Ter119, Ter119, PECy5 Biolegend FACS
CD41, MWReg30, Alexa Fluor780 eBiosciences FACS
CD150,TC15-12F12.2, PE Biolegend FACS
Grl, RB6-8C5, BV605 Biolegend FACS
NK1.1,PK136,APC Biolegend FACS
CD19, 6D5,BV421 Biolegend FACS
VE-Cadherin, BV 13, Biotin, APC Biolegend FACS
CD34, RAM34, eFluor 660 Invitrogen FACS
CD43, S7, APC BD Biosciences FACS
CD11b,M1/70 (rat, anti-mouse), APC Biolegend FACS
CD3, 17A2 (rat, anti-mouse), PerCP-eFluor 710 eBiosciences FACS
Streptavidin, Anti-rat, Q dot 605 Life Technologies FACS
Goat, Anti-Rabbit, Alexa Fluor 488 Life Technologies IF
Rabbit Anti-GFP, Polyclonal, unconjugated Abcam IF
CD31, Mecl13.3, Alexa Fluor 647 Biolegend IF
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CHAPTER 4: DISCUSSION AND FUTURE STUDIES

Alzheimer’s Disease

In Chapter 1, we have tackled two very important challenges in the field of Alzheimer’s
Disease and neuroimmunology at large. First, we have provided strong evidence that CD11a is a
reliable marker for bone-marrow derived cells. Lack of CD11a expression on microglia can help
us differentiate between tissue-resident microglia and infiltrating immune cells. This marker
overcomes the pitfalls of other markers, such as CD45, Tmem119, P2ry12, etc, which alter their
expression patterns upon microglia activation (Butovsky et al., 2014; Keren-Shaul et al., 2017b).
CD11a remains stably “OFF” in microglia under steady-state, LPS- induced inflammation as well
as in Alzheimer’s Disease. Using this marker, we have demonstrated that the myeloid cells that
cluster around AB plaques in various mouse models of AD are microglia (Figure 4.1). Our findings
and other reports have conclusively shown that microglia are the sole myeloid players in AD (Bien-
Ly et al., 2015; Shukla et al., 2018). Thus, future research can focus on rejuvenating the potential

of microglia to clear these plaques.
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Figure 4.1: Model of peripheral cell infiltration in neuroinflammation
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Secondly, we have introduced a novel method of quantifying peripheral cell infiltration.
Researchers have long focused on the integrity of the blood brain in AD. Previous reports have
demonstrated the lack of any significant BBB breakdown in AD (Bien-Ly et al., 2015; Marsh et
al., 2016; Simard et al., 2006). However, the exact level of peripheral cell infiltration through other
avenues, such as choroid plexus, has always been unclear in AD. This further mystified the precise
role of microglia in AD. Here, we have demonstrated a two-fold increase in microglial numbers in
AD mice compared to their WT littermates. We also identified significant increases in T
lymphocytes, especially in female 5X mice. The FAQT method can be useful in any
neuroinflammatory context where cell yields can vary from prep to prep and counting beads are

lost due to percoll gradients.

Breaking (Blood-Brain) Barriers

It is worth exploring whether increased infiltration of other myeloid cells may ameliorate
plaque burden. One way to induce infiltration is by disrupting the BBB via irradiation. Irradiation
studies have indeed been conducted on AD mice before (Mildner et al., 2007; Simard et al., 2006),
but with lethal doses and changes in plaque burden were not examined. In fact, infiltration of
peripheral cells due to 7. gondii infection was neuroprotective in AD (Jung et al., 2012). However,
toxoplasmosis as a treatment to mitigate AD is not translatable. However, low doses of irradiation
to permeate the BBB may prove to be more clinically relevant. This must first be confirmed in
mouse models, of course. Future work may propose a regimen of neonatal doses of irradiation
every two-four weeks from P1 to six months of age in 5X and WT littermates. However, irradiation

must be restricted to the head to spare the host hematopoietic compartment.
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Another approach to is increase the phagocytic potential of microglia. Microglia in the
brain are in an inhibitory milieu. This is because neurons express high levels of macrophage
inhibitory molecules such as CD47 (Chavarria & Cérdenas, 2013; Koning et al., 2007). CD47
signaling produces a “Don’t eat me” signal on neurons as it binds to its ligand SIRP1-a. Inhibiting
this suppression of microglia by intracranial injection of anti-CD47 antibodies in one lobe of AD
mice, may rejuvenating local microglia to phagocytose more plaques. While there are foreseeable
side-effects with this approach, anti-CD47 therapy has been beneficial in many clinical contexts
(Chao et al., 2010; Koning et al., 2007; X. Zhou et al., 2014).

In addition to modulating the function of microglia, one the most obvious avenues for this
work is to determine whether CD1 1a can distinguish microglia in humans as well. Flow cytometric
analysis of human fetal microglia (CD45lo, red gate and histogram) indicated that CD11a is not
expressed (Figure 4.2). However, CD45hi cells (blue gates and histograms) isolated with the brain
tissue expressed hCD11a at high levels, similar to the mouse. Further analysis of adult microglia
is required to determine whether CD1 1a is stably expressed throughout the lifetime.
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Figure 4.2: Human fetal microglia do not express CD11a
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Source(s) of Tissue-Resident Macrophages

In Chapter 2, we explore whether CD11a is “OFF” in all trMac populations. Microglia and
Langerhans cells are the only two radio-resistant trMacs, and likely remain CD11a- in most cases.
This may suggest a developmental commonality between these two trMac populations, as implied
in model 1 (Figure 2.1). Kupffer cells, while they were CD11a- in steady-state conditions, were
completely CDl11a+ after irradiation. This may simply be the result of BM-derived cell
replacement of the nascent KCs, as their GFP chimerism was surprisingly high. Alveolar
macrophages were heterogeneous in terms of CD11a expression and the GFP chimerism of
CD11a+ cells was also relatively low. These data imply that trtMacs may have multiple embryonic
as well as adult source, thus CD11a may not be a universal distinguisher of trMacs. Well-studied
lineage tracing systems like Lyvel, along with CDI11a, can help determine the levels of BM
contribution. However, as described in Chapter 2, an inducible Lyvel-driven Cre system would
be most ideal in determining the source(s) of different trMac populations.

CDl11a marker expression patterns on different trMacs can suggest developmental
relationships between these cell types, especially in regard to their precursor cell populations and
mapping their ontogeny. The challenge of understanding which signals cause bone-marrow
derived monocytes to replace trMacs can be surmounted using CD11a to distinguish at least
microglia and Langerhans cells from infiltrating monocytes-derived macrophages. Whether adult
derived macrophages can replace all trMac populations, except microglia, remains an open
question. If so, can these BM -derived cells recapitulate all the functions of nascent trMac
populations also has important clinical implications. Modeling trMacs in vitro using induced
pluripotent stem cells by providing cultured macrophages with tissue specific cues may help

address some of these questions and help translate these findings to therapy.
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The Origin of Hematopoietic Stem Cells

The notion of HSCs being derived from extraembryonic mesoderm, especially that in the
YS, has been constantly challenged (Bruijn & Speck, 2000; Stremmel et al., 2018). In Chapter 3,
we have shown an abundance of 11a’KLS, pre-HSCs in the YS and PL by absolute cell number
per embryos as well as percentages in our HoxB6 lineage tracing system. No evidence of
endothelial cell labeling within the AGM or fetal liver was detected prior to Cre induction at €7.5.
Yet, we found that HSC labeling began, albeit at low levels, starting from t6.5 mice. This lineage
system provides a tight window of tamoxifen-inducible initial labeling, exclusively in the EEM.
Thus, any labeling in the adult hematopoietic cells indicates that they were derived from an

extraembryonic precursor, according to our model (Figure 4.3).

HEC 11a’KLS HSC

PRIMITIVE DEFINITIVE HEMATOPOIESIS
@ HoxB6-derived @ Non HoxB6-derived

Figure 4.3: HoxB6 labels extra-embryonic mesoderm derived HSCs
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Final Remarks: Our work in Alzheimer’s Disease has conclusively resolved that plaque
associated myeloid cells are microglia. It has provided an important immunological tool to
distinguish microglia and Langerhans cells in steady-state and inflammatory conditions. Thus,
future work can now focus on the specific roles of these trMacs and bone marrow derived cells
play in different disease contexts. Additionally, we have delineated the extra-embryonic origins of
hematopoietic stem cells. This work highlights the importance of studying the molecular
mechanisms that are responsible for hematopoiesis outside the embryo. Whether it is tissue-
resident macrophages or hematopoietic stem cells, extra-embryonic sites of hematopoiesis should

not be neglected.
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