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Summary

The mononuclear phagocyte system, which plays a central role in innate immune
responses, is comprised of macrophages (M®), dendritic cells (DC) and monocytes.
This PhD thesis aims to study the origin of M® and DC, focusing on the pulmonary
system. In addition it includes studies on the chemokine receptor requirement of
mononuclear phagocyte, focusing on the CX3;CR1 chemokine receptor.

We could show blood monocytes to give rise to both DC and M@ in the lung
parenchyma. Murine blood monocytes are however not a homogenous population,
and similarly to human, can be divided into two main Gr1™®" and Gr1"®" subsets.
Adoptive transfers of fractionated blood monocytes to recipient mice allow the study
of their differential contribution to DC and M® population. Using this system we
found both monocyte subsets to give rise to pulmonary DC under steady state and

1" monocytes harbored the immediate

inflammatory conditions. However, only Gr
potential to give rise to lung M®. Our results therefore suggest a distinct
differentiation potential of monocyte subsets in the lung, and imply differential
requirements for M® and DC generatio'n.

The lung comprises the lung parenchyma and the alveolar space, both seeded
with M®. The origin of alveolar M®, the main cell type found in quiescence alveolar
space, was for many years a matter of debate. Whereas some studies suggest that
these cells rely on a local proliferating precursor for their renewal, other suggested a
reliance on BM-derived precursor. In the frame of this PhD thesis we could show that
alveolar M® originate from blood monocytes. This process is however an indirect
one, and requires a lung parenchymal M® intermediate. In addition, we found M® to
proliferate in both lung parenchyma and alveolar space. We therefore suggest that
lung parenchymal M® serve as a reservoir from which the alveolar M® population is
renewed whenever needed.

M®, DC and monocytes can be divided into subsets, differ in location,
activity and gene expression profile. Accordingly, they express distinct repertoire of
chemokine receptors, allowing them to differentially respond to environmental
signals. One of these chemokine receptors is CX3CR1, which has a sole ligand, the
membrane-tethered CX3CL1 (Fractalkine).

In the small intestinal lamina propria, CX3CR1 is mainly expressed by DC.

Those cells are marked by their ability to send dendrites that cross the epithelial layer
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and can therefore directly sample the intestinal lumen content. Interestingly, the
formation of trans epithelial dendrites (TED} is CX3CR1-depended. Here we show
that in the absence of CX3CR1, and therefore of TED, pathogen uptake from the small
intestinal lumen is not impaired. Our result therefore suggest other routes, such as the
one involve villous M cell, to play a dominant role in this process. TED formation
might however be required for proper response to intestinal pathogens.

All blood monocytes express CX;CRI1, but the chemokine receptor is
differentially expressed by the two subsets, in both human and mouse. Murine Gr]hieh
monocytes express low levels of CX3CR1, while Gr1¥ are CX;CR1%8" In the frame
of this thesis we could show that absence of either CX3CR1 or it ligand, CX;CL1,

resulted in a significant reduction of Gr1'"

monocyte levels. Enforced monocyte
survival, however, restored this phenotype. In addition, CX3CL1 specifically rescued
cultured monocytes from serum-deprivation induced cells death. Our results therefore
suggest a role CX3;CL1-CX;CR1 in monocyte survival during homeostasis.

CX3CL1-CX3CR1  interactions play a role in atherogenesis. Thus,
polymorphisms in human CX3;CR1 are associated with protection from this disease,
and mice lacking either CX3CL1 or CX3CR1 do not develop atherosclerosis in the
murine disease model. Here we show that CX3CL1 provides an essential survival
signals for CX3CR1-expressing monocytes and foam cells, a M® population unique
to atherosclerotic plaques. Our results suggest that in absence of CX;CL1-CX;3CR1
interactions, monocyte and foam cell death prevent disease progression.

To conclude, the work presented in this thesis furthers our understanding on
the origin of mononuclear phagocytes, and the role blood monocyte play in this
process. In addition we defined unique requirements for CX;CR1 expression by
mononuclear phagocytes, which are notably distinet from involvement in cell
migration. Our findings therefore shed a light on the differential roles this chemokine

receptor plays during steady state and disease.
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1. Introduction

The mononuclear phagocyte system (MPS) plays an important role in host protection
against pathogens, participating in both innate and adaptive immune defense. The
MPS can be divided into three main cell subsets: monocytes, macrophages (M®) and
dendritic cells (DC). M® and DC are characterized by the existence of specialized
tissue specific representatives, and blood monocytes were also shown to be
heterogeneous population (Gordon and Taylor, 2005; Steinman, 1999). Highlighting
their functional specialization, monocytes, DC and M® subtypes differ in cell surface
marker expression, including integrins and chemokine receptors (Gordon, 1999;
Gordon and Taylor, 2005; Shortman and Liu, 2002). One such chemokine receptor is
the CX;CL1 (Fractalkine) receptor, CX3CR1 (Combadiere et al., 1998), which is
differentially expressed by blood monocyte and DC subsets (Geissmann et al., 2003;
Jung et al., 2000; Landsman et al., 2007; Niess et al., 2005).

1.1. In Vivo origins of mononuclear phagocytes

1.1.1. Monocyte origin

Monocytes are non-dividing circulating phagocytes with a short half-life (van Furth
and Cohn, 1968). They are characterized by typical morphological features, such as
irregular cell shape, bean shaped nuclei and high cytoplasm-to-nucleus ratio (Ziegler-
Heitbrock et al., 1988). Monocytes are generated in the BM and are released to the
bloodstream, from which they can extravasate to tissues (van Furth and Cohn, 1968).
Importantly, we could recently show that monocyte circulate between the BM and the
blood under steady state conditions (Varol et al., 2007). Their circulating behavior
allows monocytes to rapidly respond to challenges. In addition to their ability to
phagocytose blood pathogens, such as Listeria monocytogenes {Drevets et al., 2004),
monocytes are considered circulating precursors of tissue M® and DC, as will
elaborated below (van Furth et al., 1973; Randolph, 1999; Geissmann et al., 2003;
Landsman et al., 2007). In addition, monocytes were shown to contribute to
atherogenesis (Gerrity, 1981) and angiogenesis (De Palma et al., 2005; Grunewald et
al., 2006; Landsman, Avraham et al., manuscript in preparation), suggesting their

involvement also in non-immunological settings.



Monocytes are not a homogenous population. Human monocytes can be
divided into two CD14™ and CD14°CD16" subsets {Passlick, 1989 #54}. More
recently, monocyte dichotomy has also been established in mice and rats (Palframan
et al., 2001; Yrlid et al., 2006). Circulating murine monocytes encompass two main
Gr1®CX;CRI™CCR2" and Gr1™“CX;CR1”CCR2" subsets (Palframan et al, 2001;
Geissmann et al, 2003), which based on their chemokine receptor expression
correlate to human CD14™ and CD14"CD16" monocytes, respectively (Geissmann et
al,, 2003; Gordon and Taylor, 2005). The identification of the murine monocyte
subsets allowed studies into their differential function and fates (see below).

Monocytes are BM-derived (van Furth, 1989; van Furth and Cohn, 1968).
Recently, Fogg et al. reported the identification of a novel clonotypic BM precursor
that gives rise to DC and M®, named “M® and DC Precursor” (MDP) (Fogg et al,
2006). We could show that MDP are also precursors of BM and blood monocytes
(Varol et al., 2007). Interestingly, the kinetics of the monocyte subset generation from
MDP differ, with Gr1"

monocytes  preceding

the appearance of MDP- e ? -

derived Gr1®™ ol ™

monocytes (Varol et al.,

2007). Both subsets can @ — . - @
be found in BM and Gri™ Gr1'e”
blood (Varol et al, monocyte monocytes
2007), although in

Figure 1: Origin of monocyte subsets

different ratios. In wt .
MDP give rise to Gr1™ monocytes in the BM which can be

mice Gr1'®" monocytes | further converted into Gr1™® monocytes. Gr1"™ might serve as
the sole Grl1™ precursor. Alternatively, Gr1®" might also

comprise around 40% | noinase directly from MDP.

of blood monocytes, but
only 5% of the BM monocyte population (Landsman, Bar-On et al, submitted
manuscript). Importantly, Gr1™ monocytes have been shown to convert into Gr1'¥
monocyte (Qu et al., 2004; Sunderkotter et al., 2004; Varol et al., 2007). It remains
however unclear where this conversion takes place, i.e. blood, BM or both. To
1%

conclude, it MDP-derived Gr1™ monocytes seem to act as precursors for Gr

monocytes (summarized in Fig. 1).



1.1.2. Dendritic cell origin

DC, first identified in 1973 (Steinman and Cohn, 1973), are considered professional
antigen-presenting cells (APC), together with Md and B cells (Steinman and Cohn,
1974). They are unrivaled in their potency to stimulate naive T cells and believed to
be required to prime most naive T cells responses (Jung et al., 2002; Steinman and
Witmar, 1978). DC are specialized to capture antigens and initiate T-cell immunity,
having both antigen-presenting and co-stimulatory functions (Banchereau and
Steinman, 1998; Steinman, 1999). Antigen presenting DC can induce either priming
of T cells to foreign antigens, or T cell tolerance to self-antigens. Upon antigen uptake
DC change their chemokine receptor profile; leave the tissues and home to lymph
nodes (LN), where they encounter naive T cells (Banchereau and Steinman, 1998;
Steinman, 1999). Mature DC are typically short-lived cells, even though distinct DC
subsets may differ in their life span (Steinman, 1999).

The first evidence suggesting monocytes as origin of DC came from in vifro
studies, showing the generation of DC from monocytes upon addition of
granulocytes-M® colony stimulating factor (GM-CSF) (Sallusto and Lanzavecchia,
1994). Subsequently, it was established that monocyte differentiation into DC could
also be induced by trans-endothelial trafficking (Randelph et al., 1998). In vivo,
recent studies implicated a differential reliance of DC subsets on monocytes, as
described below.

CD11¢" conventional DC (¢DC) can be mainly found in lymphoid tissues,
such as spleen and LN. All splenic DC arise from BM-derived precursors (Manz et
al., 2001). Monocytes were shown to give rise to ¢cDC under inflammatory conditions
(Randolph, 1999; Geissmann et al., 2003; Naik et al., 2006). However, in steady state
the renewal of splenic DC population seems not to rely on circulating monocytes
(Kabashima et al., 2005; Naik et al., 2006; Varol et al., 2007). Rather, their renewal is
dependent on either local proliferating precursor (Naik et al., 2006) or rare circulating
cells, distinct from monocytes, such as the MDP (Liu et al., 2007; Varol et al., 2007).

Langerhans cells (I.C) are a unique DC subset that resides in skin epidermis.
LC maturation results in migration to draining lymph node and was believed to
culminate in the activation of antigen-specific T cells (Steinman, 1999). More recent
data however challenge this model as it was shown that LC might not directly prime

T cells (Allan et al., 2003; Zhao et al., 2003). LC are not replaced by donor cells upon



BM transfer into lethally irradiated recipients, and arise in steady state from radio-
resistant, tissue-resident proliferating precursor cells (Krueger et al., 1983; Merad et
al., 2002). Interestingly, however, UV-induced skin inflammation results in their
replacement by BM donor-derived cells (Merad et al., 2002). More recent work
showed these BM-derived cells to be monocytes (Ginhoux et al., 2006).

Intestinal mucosal surfaces are in continuous contact with the endogenous
flora and food antigens, as well as foreign microorganisms (Martin and Frevert,
2005). The small intestinal lamina propria is seeded with DC (Niess and Reinecker,
2006), and the role those cells play in pathogen uptake will be discussed elsewhere in
this summary. As for their origin, DC in rat intestinal draining LN were shown to
originate from grafted monocytes under steady state (Yrlid et al., 2006). In addition,
we recently reported that murine monocytes differentiate into lamina propria DC
(IpDC) under non-inflammatory conditions (Varol et al., 2007). To conclude, small
intestinal DC steady state replenishment seems to dependent on monocytic
Precursors.

In the lung, a network of airway DC is located immediately above and beneath
the basement membrane of respiratory epithelium. Inflammatory conditions result in
the recruitment of DC to the alveolar space and lung parenchyma (Gonzalez-Juarrero
et al., 2003; Julia et al., 2002). Alveolar DC are strong stimulators of T cell activation
(Julia et al., 2002; Lambrecht and Hammad, 2003), and hence thought to play a major
role in initiation and maintenance of chronic inflammatory conditions such as asthma
(Eisenbarth et al., 2002; Fainaru et al., 2004; Lambrecht et al., 1998). In the frame of
this PhD thesis, the role of monocytes as origin of pulmonary DC has been studied.
We showed that grafted blood monocytes can give rise to lung and alveolar DC under
both steady state and inflammation (Landsman et al., 2007), and established that
pulmonary DC do not proliferate (Landsman and Jung, 2007). Our results therefore
indicate blood monocytes as pulmonary DC precursor.

To conclude, the origin of DC is organ-dependent. Mucosal DC, such as the
ones found in the intestinal and respiratory tract, originate from blood monocytes
under non-inflammatory conditions (Landsman et al., 2007; Varol et al., 2007; Yrlid
et al., 2006). L.C, on the other hand, rely in steady state on local proliferating
precursors, but can originate from blood monocytes under inflammation (Ginhoux et
al., 2006; Krueger et al., 1983; Merad et al., 2002). Similarly, cDC might originate
from blood monocytes under inflammatory condition (Geissmann et al., 2003; Naik et
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al., 2006; Randolph, 1999), but seem not to rely on monocytic precursors under
steady state (Kabashima et al., 2005; Liu et al., 2007; Naik et al., 2006; Varol et al,,
2007) (summarized in Fig. 2).

Figure 2: Context- and Steady State inflammation
tissue-dependent origin
of DC Proliferating

precursor

(MDP?)

Undqr. steady  state Monocytes
conditions, monocytes
give rise to mucosal DC @
(i.e., imtestinal and

pulmonary DC).
Replenishment of c¢DC,
on the other hand, relies
on non-monocytic
proliferating precursors.
Inflammatory conditions
allow the generation of

both DC types from
blood monocytes. Mucosal DC <DC Mucosal DC ¢DC

Monocytes

1.1.3. Macrophage Origin

M® play a major role in tissue remodeling and as innate enhancers of anti-microbial
resistance. First identified by Metchnikoff at the end of the 19th century, M® are
highly phagocytotic cells, involved in the clearance and destruction of bacteria, non-
microbial foreign materials and damaged tissue cells (Gordon, 1999). Even though
M® express both MHC class I and class II, and are therefore able to present antigen
to T cells, they are poor primary stimulators of adaptive immunity. The latter is
believed to result from their lack of co-stimulatory molecules (Gordon, 1999,
Steinman, 1999). M® are widely distributed throughout the body and are generally
long-lived cells. However, their life span and phenotype varies depending on their
microenvironment (Gordon and Taylor, 2005).

M® in the adult are considered to originate from circulating monocytes, which
constitutively replenish tissue-resident M® populations. This notion is mainly based
on studies carried by van Furth er al, showing replenishment of inflammatory
peritoneal M® by circulating cells (van Furth and Cohn, 1968; van Furth et al,, 1973).
In vitro, addition of M® colony stimulating factor (MCSF) can drive cultured
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monocytes fo acquire a M® phenotype (Wiktor-Jedrzejczak and Gordon, 1996).
However, studies on the origin of many tissue resident M® populations have shown
that local proliferation contributes considerably to the renewal and maintenance of
different M@ types, as summarized below.

Osteoclasts are a bone-resident M® population reside responsible for bone
resorption. Murine monocytes are defined by the expression of the MCSF receptor
(MCSF-R), and MCSF-R deficient op/op mice show a considerable monocyte
reduction (Lagasse and Weissman, 1997; Wiktor-Jedrzejczak et al., 1982).
Interestingly, these mice suffer from osteoporosis resulting from a severe reduction of
osteoclast numbers (Marks and Lane, 1976), pointing at a role of monocyte as origin
of this M® subset. The in vitro differentiation of blood monocytes into osteoclasts
further supports this notion (Matsuzaki et al., 1998; Udagawa et al., 1990). However,
a direct in vivo connection between monocytes and osteoclasts remains to be shown,

Microglia, the brain-resident M® population, is believed to rely on local
proliferation during steady state (de Groot et al., 1992; Lawson et al., 1992).
Accordingly, microglial cells are not replaced by donor cells upon BM transplantation
(de Groot et al., 1992). Inflammatory conditions result however in a rapid recruitment
of blood-borne monocytes to the sites of brain injury (Lawson et al., 1992; Priller et
al., 2006), and recent work further suggests their differentiation into bona fide
microglia (Djukic et al., 2006).

Kupffer cells are an important component of the MPS found in the liver. Their
origin has been suggested to involve two mechanisms: replenishment by local
proliferation, and recruitment of circulating precursors (Bouwens et al., 1986b;
Crofton et al., 1978). Although the Kupffer cell population has been shown to depend
on BM-derived cells (Naito et al., 1997), they seem not to directly rely on circulating
blood monocytes (Bouwens et al., 1986a). To date, the immediate precursor of
Kupffer cells remains elusive.

Splenic M® are a heterogeneous population, and can be further divided
according to their anatomical location. As for their origin, at least some splenic M®
subsets, such as white-pulp and metallophilic M® are replenished by local
proliferation under steady state conditions (van Furth and Diesselhoff-den Dulk,

1984; van Rooijen et al., 1989). In addition, circulating precursors contribute to
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splenic M® populations (van Furth and Diesselhoff-den Dulk, 1984), but the
connection to monocytes was never established.

The hung is comprised of the lung parenchyma and the alveolar space both of
which are seeded with M®. Alveolar M® are a unique type of mononuclear
phagocytes that populate the external surface of the lung cavity (Martin and Frevert,
2005). Early studies have suggested that alveolar M® originate from tissue-resident,
local precursors (Bowden and Adamson, 1980; Sawyer et al.,, 1982; Tarling et al.,
1987), while others reported their derivation from circulating cells (Godleski and
Brain, 1972; Thomas et al., 1976). BM transfer studies show that even though they
can be replaced by donor BM-derived cells, this process takes considerably longer as
compared to other cell types (Tarling et al., 1987; Matute-Bello et al., 2004).
Although their replacement by BM-derived cells suggests the presence of circulating
precursors, the role of monocytes in this process was never directly shown. In the
frame of my PhD thesis the origin of alveolar and lung parenchymal M® was
investigated. Our results showed that blood monocytes could give rise to both Iung
and alveolar M®, albeit with distinct kinetics (Landsman and Jung, 2007; Landsman
et al., 2007). We further provided evidence that alveolar M® do not directly originate
from blood monocytes, but require a parenchymal lung M® intermediate (Landsman
and Jung, 2007). In addition, we showed that both ‘lung and alveolar M® could
undergo proliferation (Landsman and Jung, 2007). We therefore suggested lung Md
to serve as a reservoir from which alveolar M® can be generated whenever needed.
This model is in line with the results of most previous studies on alveolar M® origin.
Importantly, it offers a connection between works reporting local precursor and those
indicating blood-borne precursor for alveolar M®, previously thought to be
contradictory.

To conclude, for most M® populations a dual origin was suggested, i.e. their
derivation from both proliferating precursor and blood circulating precursor.
However, the relationship between the two types of precursors, as well as their
identities, remain largely unknown. Our work on pulmonary M® suggests that
monocytes give rise to M®, which further divide in situ to replenish M® population
(Landsman and Jung, 2007). This results in reduced dependency of M® population on

monocyte recruitment. It is therefore possible that the reliance on local proliferation
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of monocyte-derived M® is true also for other M® subsets, such as liver Kupffer

cells, osteoclasts and splenic M® (summarized in Fig. 3).

@ leferentlatlon Prohferation c :
Monocytes @

Figure 3: A model for M® origin

Blood monocytes give rise to tissue MD, which proliferate to replenish the M®
population.

1.1.4. Differentiation of monocyte subsets

As mentioned above, human and rodent monocytes can be divided into main subsets,
with distinct migration properties (Geissmann et al., 2003; Gordon and Taylor, 2005).
The identification of these two subsets raised the question whether they are also
functionally distinct.

The contribution of the two monocyte subsets to DC populations remains
poorly defined. Both the rat counterpart of Gr1™ monocytes and mouse Gr1™
monocytes were shown to give rise to DC in the small intestine under non-
inflammatory conditions (Yrlid et al., 2006; Varol et al., 2007). Our comparative
study in the lung revealed that the two monoocyie subsets can differentiate into
pulmonary DC under non-inflammatory and inflammatory conditions (Landsman et
al., 2007). However, it seems that under challenge Gr1™ are more efficient in this
process (Landsman et al., 2007). LC and ¢DC originate from monocytes only under
inflammatory condition, and both were shown to originate from Gr1™ monocytes
(Geissmann et al., 2003; Ginhoux et al., 2006). The contribution of Gr1®" monocyte
to this process was however not directly tested. Gr1™ monocytes express
inflammatory chemokine receptors such as CCR2 and CD62L, which are not
expressed by Gr1'™" monocytes, and are therefore more likely to respond to state of

inflammation by rapid migration to site of injury (Geissmann et al., 2003). To
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conclude, although both monocyte subsets can give rise to DC, they might have
differential contributions under inflammation.

The data accumulated on monocytes subsets as M® origin are even more
scarce. When transferring fractionated blood monocytes to recipient mice we could
observe that only Gr1®" monocyte could give rise to lung M® under both non-

low

inflammatory and inflammatory conditions. Conversion into Grl™ monocytes,
however, enabled Gr1™ monocytes to differentiate into lung M® (Landsman et al.,
2007). We therefore concluded that only the Gr1™" monocyte subset harbored the
immediate potential to become pulmonary M®. In addition, Gr1®¥ monocytes have
been implicated as M@® origin in an inflammatory setting of muscle injury (Arnold et
al., 2007). Under these conditions Gr1® monocytes are recruited to site of injury and
convert in sifu into Gr1®" monocytes, which subsequently differentiate into M®.

Therefore, M® generation seems to solely rely on Gri'™”

monocytes.

To conclude, monocyte subsets seem to differ in their differentiation
properties. Only Grl™" monocytes seem to harbor the immediate potential of
becoming M®. This scenario further suggests distinct requirements for the

differentiation into DC and M® (summarized in Fig.4).

Grih Figure 4: distinct

monocytes differentiation potential of
blood monocyte subsets
@ — DC Both monocyte subsets can give
rise to DC. M® can only directly
originate from Gr1™" monocytes.
Upon conversion into Gr1™

monocytes, Gr1®  monocytes
gain the potential to differentiate
- M® | into M.

Grilow
monocytes
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1.2. CX;3CR1 requirement by mononuclear phagocytes

Chemokines are a family of chemotactic cytokines that bind G-protein-coupled, 7-
transmembrane receptors. Based on the spacing of N-terminal conserved cysteines,
they have been categorized into C, CC, CXC, and CX3;C families (Zlotnik and
Yoshie, 2000). CX3CL1, also known as Fractalkine, is the only known CX;C
chemokine (Bazan et al., 1997; Zlotnik and Yoshie, 2000). CX;CL1 is synthesized as
a transmembrane protein with its chemokine domain presented on an extended mucin-
like stalk (Bazan et al., 1997; Pan et al., 1997), which can be released from the cell
membrane upon cleavage by metalloproteases (Garton et al., 2001; Hundhausen et al.,
2003; Ludwig and Weber, 2007). To date, CX3CL1 shares this unique membrane-
anchorage only with one other chemokine, CXCL16 (Matloubian et al., 2000).
CX3CL1 thus potentially acts as adhesion molecule and chemoattractant, but the
importance of these activities for its physiological role remains to be determined.
CX;CL1 expression was reported for activated vascular endothelial cells (Bazan et
al., 1997), neurons (Harrison et al., 1998), epithelial cells (Lucas et al., 2001;
Muehlhoefer et al., 2000), smooth muscle cells (Ludwig et al., 2002), dendritic cells
(DC) (Papadopoulos et al., 1999) and macrophages (Greaves et al., 2001).

CX;CL1 has one known receptor, CX3CR1 (Combadiere et al., 1998), which
is expressed by T and NK cell subsets (Combadiere et al., 1998; Imai et al., 1997),
brain microglia (Harrison et al., 1998; Nishiyori et al., 1998; Jung et al., 2000), DC
subsets (Jung et al., 2000; Niess et al., 2005; Landsman et al., 2007) as well as blood
monocytes (Imai et al., 1997; Jung et al., 2000). Mice deficient for either CX3CR1 or
CX3CL1 do not exhibit gross changes in leukocyte migration as compared to their
wild type littermates (Cook et al., 2001; Jung et al., 2000). For instance, absence of
CX;CR1 interfered neither with monocyte extravasation nor with DC migration under
inflammatory settings (Jung et al., 2000). As will be elaborated below, CX3CRI
deficiency was however shown to be associated with other phenotypes, including
reduced atherosclerosis in men and mice (Combadiere et al., 2003; Lesnik et al.,
2003; McDermott et al., 2001; Moatti et al., 2001; Teupser et al., 2004), reduced
cardiac allograft rejection (Robinson et al., 2000) and lack of trans-epithelial dendrite
formation by small intestinal lamina propria DC (Niess et al., 2005). A part of this
PhD thesis focused on the functional role of CX3CR1 expression by mononuclear

phagocytes, in order to better understand its ir vive function.
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1.2.1. CX3CR1 requirement by small intestinal lamina propria

dendritic cell

Intestinal mucosal surfaces are in continuous contact with the endogenous flora and
food antigens as well as foreign microorganisms. The decision whether to respond to
environmental antigens by active suppression or protective immune responses,
appears to depend, in part, on initial recognition by the innate immune system
(Didierlaurent et al., 2002). Three pathways can mediate transport of antigens across
epithelial barriers: absorptive epithelial cells (enterocyte), M cell and DC (summarize
in Fig. 5). Enterocytes can present processed antigens to intraepithelial lymphocytes
(IEL), but since they lack co-stimulatory functions, they are thought to induce
suppression, rather than activation, of naive T cells (Didierlaurent et al., 2002). M
cells are specialized epithelial cells with the ability to efficiently deliver foreign
material samples from the intestinal lumen (Neutra et al., 2001). M cells were
originally shown to be localized above the sub-epithelial dome of the Peyers’s
patches, but recently a population of villous M cells have been identified (Jang et al,
2004). Antigens transported by M cells are then being captured by immature DC,

which in turn initiate T cell response (Didierlaurent et al., 2002).

A third pathway of antigen

Entrocytesﬁ Villous M Ceil dependent

uptake

sampling and presentation in the small
intestine is formed by DC themselves
by DCs (Niess and Reinecker, 2006). Lamina
propria DC (IpDC) were shown to
M Cell dependent have the capacity to directly sample
the small intestinal content by sending
dendrites that cross the epithelial
barrier into the lumen (Niess et al,

Figure 5: Routes of sampling the small 2005; Rescigno et al., 2001)(Figure

intestinal lumen 5). Penetration of the epithelial barrier
(Adopted from Niess and Reinecker, 2006)

is achieved by the ability of DC to
open epithelial tight junctions (Rescigno et al, 2001). The projection of
transepithelial dendrites (TED) seems to be induced by the presence of gut pathogens
(Niess et al., 2005; Vallon-Eberhard, Landsman et al., 2006).
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LpDC express CX3;CR1, and are the main CX3;CR1-expressing cells localized
in the intestinal villi (Niess et al., 2005; Vallon-Eberhard, Landsman et al., 2006).
Surprisingly, we found, in collaboration with a group at Harvard, that IpDC of
CX3CR1 KO mice are unable to form TED (Niess et al., 2005). We therefore
investigated how lack of CX3CR1, and therefore of TED, effects pathogen uptake into
the small intestine. Uptake of non-invasive Aspergillus fumigatus conidia into the
small intestinal lamina propria was unaffected by the absence of CX3CR1 and TED
(Vallon-Eberhard, Landsman et al., 2006). Moreover, depletion of both lamina
propria M® and DC also did not affect pathogen uptake. This suggests that alternative
routes, such as the one mediated by villous M cells, play a major role in the active
uptake of pathogens into the small intestine lamina propria (Vallon-Eberhard,
Landsman et al.,, 2006). It however might as well be that TED are required to initiate
appropriate immune responses without actively participating in pathogen uptake. The

role of the CX3CR1-dependent TED therefore remains an open question.

1.2.2. CX;3CRI1 requirement by blood monocytes

All blood monocyte express CX;CR1, but the level of receptor expression differs
between the two subsets: mouse Gri"™ and human CD147CD16" monocytes are
CX;CR1™, whereas mouse Grl™ and human CD14'CDI16" are CX;CRI"
(Geissmann et al., 2003; Jung et al., 2000). In the frame of this PhD thesis the role of
CX,3CR1 expression by monocytes has been studied (summarized in Landsman, Bar-
On et al., submitted manuscript).

CX;CL1 mice were reported to have a reduction in their blood monocyte
levels (Cook et al., 2001). We could show that this specifically affects the levels of
Gr1'® monocytes, both in the blood of CX3CL1 and CX3CRI-deficient mice.
However, enforced monocytic expression of the anti-apoptotic factor Bcl2 (Lagasse
and Weissman, 1994) reverted the phenotype, providing genetic evidence that this
reduction results from impaired monocyte survival. In support of the in vivo data,
recombinant CX;CL1 speciﬁcaily rescued cultured human monocytes from serum
deprivation-induced death (Landsman, Bar-On et al., submitted manuscript). These
result are in agreement with earlier reports showing that CX;CRI1-CX;CL1
interactions trigger the PI3K/Akt signaling pathway in cell lines and cultured brain

microglia, resulting in cell survival and proliferation (Boehme et al., 2000; Brand et
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al., 2002; Chandrasekar et al., 2003; Davis and Harrison, 2006). Qur data therefore
offer in vivo evidence for the role of the CX;C chemokine family in providing

survival signals required for monocyte homeostasis.

1.2.3. CX;CRI1 reguirement during atherosclerosis

Atherosclerosis is characterized by accumulation of lipids and fibrous elements in the
large arteries (Libby, 2002). One of the first events in the disease progression is the
migration of monocytes into the arterial intima, where they are believed to give rise to
foam cells (Bobryshev, 2006). Foam cell are a specialized M® subset found in
atherosclerotic plaques, which accumulate large amounts of intracellular cholesterol
and are considered to play a central role in the disease development (Libby, 2002).
Accordingly, increased apoptosis of foam cell during early stages of atherogenesis
impaired disease progression (Tabas, 2005).

In humans, a polymorphism of the chemokine receptor CX3;CR1 was reported
to be associated with reduced susceptibility to atherosclerosis and coronary artery
disease (McDermott et al., 2001; Moatti et al., 2001). Accordingly, mice deficient for
CX;CR1 or its ligand CX3CL1 are protected from atherogenesis in the respective
murine disease models (Combadiere et al., 2003; Lesnik et al., 2003; Teupser et al.,
2004). Furthermore, CX3CL1 was found to be abundantly expressed in atherosclerotic
plagues, mainly by smooth muscle cells and endothelial cells (Lesnik et al., 2003).
CX3CRI1, on the other hand, is expressed by monocytes and foam cell in the plaques
(Barlic et al., 2006; Landsman, Bar-On et al., submitted manuseript). The mechanism
through which CX;CL1-CX;CRI interaction controls atherogenesis is however yet to
be revealed.

CX5CL1 acts as monocyte survival factor during steady state, and could play a
similar role during atherogenesis. We therefore investigated the role CX;iCL1-
CX35CR1 interaction plays in a murine atherosclerosis model; Apo £ " mice that
develop atherosclerotic plaques when subjected to high fat diet (Plump et al., 1992).
As mentioned above, CX3CR1 KO mice show reduced atherogenesis in this model, as
compared to their wt littermates (Combadiere et al., 2003; Lesnik et al., 2003).
However, enforced survival of monocytes and foam celis in CX;CR1 KO mice by
human Bcl? transgene expression restored their atherogenesis levels to those found in

wt mice (Landsman, Bar-On et al., submitted manuscript). This suggests that
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CX3CL1-CX5CR1 interaction provides essential survival signals to monocyte and

foam cells for disease progression (summarized in Fig. 6).

A B C

] § O @

CX,CR1 CX,CL1 hBcl2tg Gr1ov Grin Foam Endothelial SMC
: cells cells

Figure 6: CX;CL1-CX3;CRI1 interaction provides survival signals essential for
monocyte homeostasis and atherogenesis

A) CXsCL1, expressed by endothelial cells, provides survival signals for blood
Gr1™CX,CR1" monocytes. During atherogenesis, CX5CL1 is expressed by endothelial
and smooth muscle cells, and acts as survival factor for CX,CRI-expressing cells in the
plaque, including monocytes and foam cells.

B) In the absence of either CX;CL1 or CX5CR1, the numbers of blood Gr1™" monocytes
are reduced. Increased death of plague foam cells and monacytes inhibits atherosclerosis
progression.

C) Enforced survival of blood monocytes, by human Bcl?2 transgene expression, allows
high Gr1™ monocyte levels in the absence of CX,CL1-CX;CR1 interaction. Such
enforced survival of monocytes and foam cells in the plaque allows also atherosclerosis
development in CX;CR1 and CX;CL! absence.

To conclude, despite its chemotactic potential, the main phenotypes associated
with CX;CR1-deficiency do not support its role in cell migration. Rather CX5CL1-
CX5CR1 interactions promote the activation of intracellular signaling pathways that

result in cell survival and the formation of membranal extensions.
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1.3. Concluding remarks

The Jung laboratory aims to investigate the origin and function of mononuclear
phagocytes, on both cellular and molecular levels. To this end we make use of a novel
and cell type-specific cell ablation system, in combination with adoptive precursor
cell transfers. Better understanding of mononuclear phagocyte function further
requires the identification of molecular components expressed by these cells, and the
definition of their role in proper cell function. Here our laboratory focuses on the
CX3CR1 chemokine receptor, which is broadly expressed by mononuclear
phagocytes, but whose function remains unknown.

In this PhD thesis I studied the role of monocytes as origin of DC and M®,
focusing on the pulmonary system as a model. In addition I investigated CX3CR1
chemokine receptor requirement by monocyte, M® and DC subsets, and investigated
how it absence effects their function and fate.

Using a conditional cell ablation system allowing the specific depletion of
CD11c"e" DC, we were able to show a differential requirement of DC subsets,
including ¢DC and plasmacytoid DC, for T cell priming (Jung et al., 2002;
Sapoznikov et al., 2007). ¢cDC, however, are not a homogeneous population, and can
be divided to functionally distinct subsets based on surface marker expression
(Shortman and Liu, 2002). Accordingly, studying C};(3CR1 expression by splenic
c¢DC allowed us to identify a novel and new DC subset (Birnberg, Bar-On et al.,
manuscript in preparation). Besides considerable heterogeneity in the spleen, we have
defined DC in the lamina propria (IpDC) of the lung and the small intestine according
to their CX53CR1 expression (Niess et al., 2005; Vallon-Eberhard, Landsman et al.,
2006). In order to investigate the role of CX;CR1 expression by these cells, we
studied their function in its absence, and found that CX;CR1 deficiency prevented the
formation of trans-epithelial dendrites (TED) by IpDC (Niess et al., 2005). The
absence of TED allowed us to probe for the function of these unique structures.
Surprisingly, we found - despite the prevailing claims — that they were dispensable for
pathogen sampling from the intestinal lumen. Thus pathogen uptake was unimpaired
in the absence of TED formation by lpDC, and even in absence of I[pDC (Vallon-
Eberhard, Landsman et al., 2006). These studies highlight how the combination of
cellular and molecular studies can further our understanding of DC and DC subset

functions.
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In addition to its expression by DC subsets, CX3CRI is also prominently
expressed by circulating blood monocytes (Jung et al., 2000; Geissmann et al., 2003)
and certain terminally differentiated macrophages (Jung et al., 2000; Landsman, Bar-

15FF system, we could show that

On et al., submitted manuscript). Using the CX;CR
the chemokine receptor is required for the survival of one of the main blood monocyte
subsets (Gr1™CX;CR1™) during homeostasis (Landsman, Bar-On et al., submitted
manuscript). We could further demonstrate that CX3CR1 interactions with its ligand
promote survival of monocyte and/or M® population {i.e., foam cell) within
atherosclerotic plaques (Landsman, Bar-On et al., submitted manuscript).
Interestingly, CX3CR1 deficiency resulted in the reduction of the plague areas and the
prevention of disease progression, thus potentially providing the mechanistic
explanation for CX3;CR1 function, and highlighting the important role monocytes and
M@ play in this process.

A better understanding of the in vivo origins of monocytes, DC and M® might
eventually allow the development of protocols for their future manipulation. We were
able to identify the BM precursor of blood monocytes, and directly show that the
Gr1M"CX;CR1™ cells can in vivo give rise to Gr1'™CX;CR1" monocytes (Varol et
al., 2007). As for their fate in the periphery, we showed that under non-inflammatory
conditions blood monocytes give rise to mucosal DC and M® (Landsman et al., 2007,
Landsman and Jung, 2007; Varol et al., 2007). Moreover, focusing on the respiratory
tract we demonstrated the two blood monocyte subsets to harbor a distinct
differentiation potential to become either M® or DC (Landsman et al., 2007). Given
the distinct fates of monocytes in different tissues, these studies highlight the
importance of elucidating the differential potential of monocytes in vivo. Importantly,
a key for better understanding of monocyte biology is likely to lie in the revelation of
the molecular differences between the two monocyte subsets, which eventually might
allow the control of their fate.

Cells of the mononuclear phagocytes system play a role in almost all aspects
of the immune response. The combined efforts to study mononuclear biology, on the
molecular and cellular level, allowed us to better understand the physiological roles of
these cells. They also enabled us to further dissect known cell populations into unique
subsets. Future efforts to identify cell subsets within the mononuclear phagocyte

system, including the understanding of their different function and molecular
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requirement, will allow a full mapping of this unique system. Finally, the
understanding of their origin, including the definition of the molecular cues that
govern differentiation, might allow the in vive manipulation of mononuclear
phagocytes. Given their central role in innate and adaptive immune responses, such
manipulation might allow a “costume-made” immune system, preventing conditions

such as allergic and autoimmune responses.
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Distinct Differentiation Potential of Blood Monocyte Subsets

in the Lung'

Limor Landsman, Chen Varel, and Steffen Jung®

Peripheral bleed monocytes are a population of circulating monenuciear phagocytes that harbor potential to differentiate into
macrophages and dendritic cells. As in humans, monocytes in the mouse comprise two phenotypically distinct subsets that are
Gri"*CX,CR1I™ and Gr1'""CX,CR1"#", respectively. The question remains whether these populations contribute differen-
tially to the generation of peripheral mononuclear phagocytes. In this study, we track the fate of adoptively transferred,
fractionated monocyte subsets in the lung of recipient mice. We show that under inflammatery and neninflammatory
conditions, both monocyte subsets give rise o pulmonary dendritic cells. In contrast, under the conditions studied, only
Gr1*"CX,CR1"*" monocytes, but not Gri"™**CX,CR1'™ cells, had the potential to differentiate into lung macrophages.
However, Gri""CX,CRI™ monocytes could acquire this potential upon conversion into Gr1"™“CX,CRIVE" cells, Qur
results therefore indicate an intrinsic dichotomy in the differentiation potential of the two main blood moenocyte

subsets.

iood monocyies are considered circulating precursors of

macrophages (M®)* and dendritic cells {DC) and, to-

gether with the latter, have collectively been termed
menonuclear phagocytes (i, 2). Accordingly, when culured in
vitro in the presence of the cytokines M-CSF or GM-CSF, mono-
cytes can be driven w differentiate into M® and DC, respectively
(3, 4). Furthermore, in vivo studies also provide evidence that
blood monocytes can act as precursoes of Md (1, 5, 6). More
recent reporls have shown that menocytes can under inflammatory
conditions differentiate in vivo fmto conventional CD11c™8" DC
(cDC) (7, 8) and Langerhans cells (9). However, interastingly,
biood monocytes secem not 1o contribute to the generation of
splenic ¢DC {(10-12}).

Monocytes are, however, not a homogeneous cell population,
but rather comprise at least lwo diserete subsets, Human mono-
cytes consist of @ CD14**CDI16™ population, which is CCR2*
CDA2L*CX,CRI™, and a CD147CD16™ subset, which can be
further characterized as being CX,CRI™™MCCR2™CDE2L™ (8, 13,
14). In vitro culture and expression analysis of the human mono-
cyte subsets suggest a particular rofe of CD147CDI6% monocytes
in inflammatory settings (13). More recently, monocyie dichotomy
has also been established in mice and rats {8, 16, 17). Circulating
musine CD115* monocytes encompass two main GriMS*CX,CRI™
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and Grl"™CX,CRI™" subsets (8, 16), which based on their che-
mokine receptor expression correlate to human CD4YYCD16™
and CD14"CD{6™ monocyles, respectively (2, 8). Resulis of
adoptive transfers of fractionated murine monocytes suggest that
these cells are also functionally distine; Gr1'™ monocyles were
found to be recruited to resting tissues, whereas the Gei* ™" mono-
cytes shuttle between the blood and the bone marrow (BM) unless
recruited to sites of inflammation (8, 12). With regard 1o their
differcntial fates, Gr1"®" monocytes were shown in mice to dif-
ferentiate into cDC and Langerhans cells under inflammation (8,
9), and both Gri™®™ and Gri™™ rat monocytes were reported 10
give rise to intestinal DC in steady state (17). However, for neither
of the subsets’the in vivo potential to become M® has been in-
vestigated. Furthermore, monocyle fale studies are complicated by
the recent finding that Gri®™ " monocytes can convert in vivo into
Gr1'" monocytes (12, 18, 19). In addition, a comprehensive eval-
uvation of the in vivo differentiation potential of menccytes has o
consider that the monocyte fate is likely 1o be dictated by the tissue
environment encountered upon their extravasation. Comparison of
the differentiation potential of Grl™" and Gr1™ monocytes
therefore requires that the two subsets will be exposed to the same
microenvironment and studied side by side.

Lymphoid and nonlymphoid organs often harbor tissue-specific
mononuclear phagocyle members. In this study, we investigate the
differentiation potential of adoptively transferred fractionated
blood monocyte subsets into DC and M®, focusing on the pulmo-
nary menonuclear phagocyte sysiem as a nonlymphoid tissue
medel. The lung hosts well-defined M@ and DC populations,
which are believed to play opposing roles in the initiation and
maintenance of lung inflammations (20-22). Importantly, expres-
sion of the 8 integrin CD1 ic discriminates both of these cell types
from undifferentiated CD11¢™ monocytes found in this tissve (21,
23). Collectively, the pulmonary mononuclear phagocyle system is
therefore particularly svited for a comparative monocyte differen-
tiation study into cither DC or M®.

In this study, we show that under both inflammatory and nonin-
flammatory conditions, Gr1"*"CX;CRI™ and Grl'™¥CX,CR1"e
monocytes give rise to pulmonary DC. In contrast, anly Gri'o¥,
but not Gr1™&* monocyies harbor the immediate potential to
differentiate into lung M,
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FIGURE 1. CX,CRI/GFP expression by lung and alveolar mononuclear phagocytes. A, Flow cylometric analysis of lung cells of exer ¥ mouse.
Celis were isolated and anatyzed for expression of CD1le, CD11b, and green fluorescence. Lejt panel, Forward/side Hght scatter gate for living celis (R1).
Middle dot plot, CD11c/CDi 1b expression patiern of cells of R1 gate and mononuciear phagocyte gates used in this study: CD1le™CD11b™ (R2, Md),
CD1ictCDIEbY (R3, DC), and CD1ic™CDI11b* (R4, monocytes) cells. Right dor plot, GFP expression of cells gated in R1 region and position of R3S
(CX,CRUGFP acpative) and R6 (CX;CR1/GFP positive). Abs used were PE-coupled anti-CDt1c and PerCP-conjugated anti-CD11b. B, FACS analysis
of CX4CRI expression by lung M®$ (upper panel) and DC (lower panel) of ex,er¥™ mouse. Cells were either stained with Fe-coupled CX;CR1 ligand
(FKN-Fc), foliowed by Cy5-conjugated anti-Fe (+FKN-Fc, empty histogram), or with Cy3-conjugated anti-Fc alone (—FKN-Fc, gray filled histogram},
followed by PE- and PerCP-coupled Abs against CDi 1c and CD1 b, respectively, DC and M® were defined as cell gated in R1,R3 and R1,R2, respectively
(as shown in A). C, FACS analysis of CX;CR/GFP expression by pulmonary M@ and DC. Cells isolated from either BAL (Jefr panels) or lungs (right
panels) of cx,er¥P {(empty histopram) and wt (gray filled histogram) mice were analyzed for their green fluorescence intensity. DC and Md were defined
as cells gated in (R1 and R3) and (R} and R2), respectively {as shown in A). D, Live imaging of cx,er /™™ ;rag] ™~ mouse lung by fluorescent microscopy
showing GFP-labeled cells with DC morphology. E, FACS analysis of MHC clags 11 (I-AP) expression by CDile” CX,CRI/GFP™ (M) and CD1ic”
CX,CRUYGFP™ cells (DC) (upper and fower panels, respectively). Cells were isolated from a lung of cx,er*™* mouse, and stained with either anti 1-A®
Ab {empty histograms) or isotype control (geay filled Mstograms). Histograms show cells gated,-as indicated in dot piot. F, CD1 ib expression by lung and
alveolar M of untreated and endotoxin-treated mice. Histograms show CD1ib expression by CD11¢™ autofluorescent jung and BAL wt cells (Md) (gated

as indicated in dot plot) of untreated (pray fitled histograms) and LPS-treated {200 ng i on day [; empty histograms) wt mice.

Materials and Methods
Mice

This study involved the use of the C37BL/6 mouse sirains CD/ Je: Diphiheria
toxin (DTx) receptor (DTR) trapsgenic mice (B6.FVB-Tp(ligax-DTR/
GFP)371an/};, The Jackson Laboratory) that carry a human DTR transgene
under the murine CIH Le promotar {24 CX;CR1S™ mice harboring 2 tar-
geted replacement of the cxyerd gene by a GFP reporter (25); ragl ™ mice
(B6.12957-Rag ItmIMom/J; The Jackson Laboratory) that lack mature
lymphocytes; cd80™* /cd86™'~ mice (B6.12954-Cd80™ " Cdg6™ 53,
The Jackson Laboratary} that lack expression of both CDSG and CD86
costimulatory molecules (26); and OT-11 TCR transgenic mice {C57BL/G-
Te(TeraTerb)425Chn/]; The Jacksen Laboratory) harboring CD4™ T cells
specific for OVA (27, 28). Animals were backcrossed to mice bearing the
CD45.1 atiotype (B6.SH.-Pipre® Pepc®/Boyl; The Jackson Laboratosy),
when indicated. The wild-type (wt} C57BL/6 mice were puschased from
Harlun Tekiad, All mice were maintained under specific pathogen-free con-
ditions and handled under protocols approved by the Weizmann Instituie
Animai Care Committee according to intemnational guidelines.

Cell isolations

Mice were sacrificed, and biood was coltected from the main anery. For
bronchoalveolar lavage (BAL), the trachea was exposed to aflow insertion
of a eatheter, through which the tung was filled and washed four times with
1 mi of PBS without Ca®*/Mg**. Lung parenchyma and spieens were then
collected, and tssues were digested with cither 4 mg/ml {fung) or 1 mg/ml
(spleen) collagemase D (Roche) for | h at 37°C, followed by iacubation
with ACK buffer to lyse erythrocytes. Following their isolation, mediasti-
nai lymph aodes (LNs} were passed through a mesh and cells were col-

tected. All isolated cells were suspended in PBS supplemented with 2 mM
EDTA, 0.05% sodivm azide, and 1% FCS.

Flow cytometric analysis

The following fluorochrome-labeled mAbs were purchased from BD Pharm-
ingen or eBioscience and used according to manufacturers’ protocols: PE-
conjugated anti-CDile, I-A®, and CD115 Abs; allophycocyanin-conjugated
anti-CD11¢, CD1ib, CD4, and Grl (Ly6CHSY Abs: PerCP-conjugated anti-
CD1Ib Ab; biotin-cenjugated anti-CD45.31 Ab; and ailophycocyanin-
and PE-conjugated streptavidin. CX,CR1 staining using the CX,CR1
ligand fractaikine (FKN) was performed, as previously described {25).
Briefly, cells were incubated with a FKN-Fc fusion protein (provided by
Millenium Bictherapeutics) or PBS, followed by incubation with Cy5-
conitgated anti-human Fo Ab. After an intensive wash, cells were incubated
with indicated Abs. Cells were analyzed on a FACSCalibur cytomeler (BD
Biosciences) using CellQuest software (BD Biosciences).

Cell transfers

For blood monocyte transfers, ~20 mice were sacrificed and blood was
coliected 1o obtain as average of 15 mi of biood for cach experiment,
Erythrocytes and neutrophils were removed by a Ficoll density gradieat
{Amersham), Ceils were washed and exposed to biotin-conjugared angi-
CD115 or anti-Gr] Abs (eBioscience), folfowed by incubation with strepta-
vidin-conjugated MACS beads (Miltenyi Biotec), Cells were then magnet-
ically separated, according to manufacturer's protocol, Indicated fractions
were collected and i.v. injected to recipieat mice. For BM monocyte trans-
fers, cells were isolated from doror femora and tibise and enriched for
mononuclear cells on a Ficoli deasity gradient, followed by immunostain-
ing with PE-conjugated anii-CP115 and aliophycocyanin-conjugated
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anti-Gri Abs {eBioscience). BM monocytes were shen purified by high
speed sorting using FACSAria (BD Biosciences). For T cell transfers,
CP4* T cells were isolated from OT-15CD45.1 mice by enrichment
using CD4-conjugated MACS beads (Miltenyi Biotec}, according to
manufacturer’s pretocol.

Intratracheal {i.1.) instillation

PBS (80 ul} containing cither DTx (catalog 130; List Biological Labora-
tories), LPS (Excherichia coli 035:B3, Sigma-Aldrich cataiog L4005), or
OV A (Sigma-Aldrich; catalog A5503} was applied to mouse tracheac, as
previously described, with modifications (29). Briefly, mice were lightly
anesthetized using isoflurane and placed vertically, and their tongues were
putied out. Using a long-nasal tp, liquid was placed at trachea top and
asctively aspirated by the mouse. Gasping of treated mice verified liquid
application to the alveolar space.

Microscopy of lung parenchyma

Luags were filled with 2% low melting agarose {Sigma-Aldrich; calalpg
A0701), as previously described (30). Live tissues were cut and imaged with
& Zeiss Axioskop I fluorescent microscope using Simple PCH software.

Results
CX;CRI expression discriminates between pulmonary
M® and DC

Alveolar and lung M® and BC have been defined according to
discrete surface marker expression. Both Md and DC express the
B integrin CD1le, whereas DC are further characterized as
CD11b™ celis, and Md are CD11b™ (21, 23, 31} (Fig. id). In
addition, lung ard alveclar M, but not DC, are autofluorescent
(31, 32). In this study, we show that lung Mt and DC also differ
in their expression of the chemokine receptor CX,CR1. Thus, sur-
face staining with an Fc fusion of the CX,CR1 ligand FKN/
CX,CL1 {FKN-Fc) showed that CD11c™CD11b" hung DC are
CX3CR1 positive, whereas CD1ie™CD11b™ Md are CX,CRI
negative (Fig. 1B). Accordingly, in CX,;CRIS® knockin mice,
whose cx;cr] gene was replaced by a GFP cassette {25), lung and
BAL DC express GFP (Fig. |, C and D}, whereas lung and BAL
M® do not (Fig. 1C).

Lung DC can be further characterized as CD11le* MHC-ITME!
ceils, whereas lung M@ are CD11e*MHC-TI"™ (21, 31). Staining
for MHC-II revealed that CD11c*CX,CRUGFP* cells also ex-
press high levels of MHC-II, whereas CDElc™CX3CRV/GFP™
ceils arc MHC-II'™ (Fig. 1E}, supporting their definition as DC
and M®, respectively (31). Interestingly, we recently reported the
same CX;CRI1 expression pattern for small intestinal lamina pro-
pria DC and M® (33), CX;CR]1 is therefore a reliable marker
allowing discrimination of CD11c™ DC and M® in the Jung and
alveolar space. In contrast, we have observed that CD11b expres-
sion is significantly up-regulated on lung and alveclar M under
inftammation (Fig. 1F).

For the remainder of this study that investigates the differensial
origin of pulmonary M and DC, we therefore apply a stringent
definition of the two cell types by considering CD11c¢*CD11b™
CX,CRE/GFP™ cells (Fig 14; RL, R3, and R6 gated cells) as lung
DC, and CD11c*CDILb~CX,CRI/GFP™ (Fig 14; RI, R2, and
R5 gated cells) as resting lung M®. Monocytes found in the lung
parenchyma have previously been characterized as CDl1lc™
CD11b™ cells and are defined accordingly (23) (Fig. IA; gates R1
and R4),

Blood monocytes can differentiate into lung DC in naive niice

The most direct way to study the fate of biood monocytes is ar-
guably the adoptive transfer of these cells into recipient’s biood-
streamn and subsequent tracking of graft descendants. To study the
monocyte differentiation potential, we isolated the cells from do-
nor blood according to surface expression of the monocyte-specific
marker CD115 (M-CSF-R) using magnetic separation. Notably,
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FIGURE 2. Grafted peripheral blood monocyies give rise to lung DC,
but not Meb in untreated recipient mice. A, FACS analysis of representative
MACS-enriched CD135% cel} graft isolated from cx;erf®";CD45.1 do-
nor blood. Note presence of Gri"™"CX,CRUGFP™ and Gr1®™™CX,CRY/
GFP% monocyte subsets. B-D, Lungs of untreated monocyle recipients,
day 4 after wansfer. CD45.2 wi recipients either received CX,CRI/GFP*
CD45.1 blood CD115* graft {10° cells, +graft) or no graft (w/o) on day 0.
Lung monocytes (B, CDile”CDL1b* cells gated according to Fig. 14 (R1
and R4)), DC (C, CD1ic™CDIIb™ cells gated according 10 Fig. 1A (R}
and R3)), and M (D, CDHic™CD1ib™CX,CRI/GFP™ ceils gated ac-
cording te Fig. 14 (Ri, R2, and R5)} were analyzed on day 4 for grafl-
derived celis. Numbers indicate percentage of graft-derived cells (CX,CR Y/
GFP*CD45.1% or CD45.1%) of 10tal gated population and their absoluie
numbers {in parentheses). Data show one representative of three indepen-
dent experiments involving one o two recipients per group.

this cell pepulation included Gr1™# and Gr1'™ monocyte subsets
(Fig. 24}, both of which express CX;CR1 (8). To distinguish be-
tween grafl- and host-derived cells, donor monocytes were re-
trieved from blood of cx,er/¥™*,CD45,1 mice and transferred
into congenic CD45.2 wt recipients. Graft-derived lung DC are
therefore CD45.1 CX,CR1/GFP positive {Fig. 1C), whereas host
DPC sre CD45.1 GFP negative, The identification of graft-derived
CX,CR1/GFP-negative M® in recipient lungs relies solely on ex-
pression of the allotypic CD45 marker: whereas graft-derived M®
will be CD43.1, host cells are CD435.2. Successful monoeyle trans-
fers were confirmed by detection of grafied monocytes in the recip-
ients’ lungs (Figs. 2B and 44), bloed, and spleens (data not shown).

We first transferred monocytes to unireated wt recipient mice,
and analyzed their lung and alveolar space coatent 4 days later. We
detected graft-derived cells in recipient’s lung, most of which were
undifferentiated CD11c™CD11b*CX,CRUGFP* monocytes (Fig.
2B). We also consistently observed few GFP-cxpressing CD11c*
CD11b™ lung DC (Fig. 2C), indicating differentiation of mono-
cytes into DC in steady state. Despite the fact that M outnumber
DC by far in this tissue, we did, however, not detect donor-derived
(CD45.1%) fung M® (Fig. 2D). In addition, we could not detect
graft-derived cells in recipients’ alveolar space (data not shown).
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and GFP expression (fower parnels), Numbers indicate percentage of gated celis from total cells, 8, Bar diagram summarizing percentages of CD1 1c™ spleen and lung cells
(gated as in A) of mice weated i.L with cither DTx (100 ng) or PBS. Mice were analyzed | day after treatments. #1 = 4. %, p <2 0,005 {(two-tailed Student’s 1 test),

Blood monocytes can differentiate into lung DC and M® in
monanuclear phagocyte-depleted mouse

The failure to detect graft-derived lung M in untreated recipients
could indicate that those cells do not originate from CDEES™ biood
monocytes. Alternatively, the long-lived respiratory M® compart-
ment might in steady state require only limited cellular input from
the blood, which could be below our level of detection. To distin-
guish between these oplions, we decided to ablate lung Mt before
the monocyte transfer.

We took advantage of CDJ//c:DTR transgenic mice that allow
the specific depletior of CD1 1cMEE cells (24), The it DTx instil-
lation of CDJJc:DTR transgenic mice results in the ablation of
CD11c™ lung mononuclear phagocytes, including DC and M&
(34) (Fig. 3. Depletion of endogenous puimonary M< by the DTx
treatment of CO1e:DFR recipients might aopen otherwise closed
niches to newly coming cells. Notably, in this strategy, grafted cells,
which are not CDJ/c:DTR transgenic, are fesistant to abjation,

We next transferred CX,CR1%*" CD45.1 monocytes to DTx-
treated CDJ/o:DTR;CD45.2 recipients. Four days after transfer,
recipient mice were analyzed by flow cytometry for the presence
of graft-derived mononuciear phagocytes in their luag and alveolar
space. We readily observed graft-derived parenchymal lung and
alveolar CX;CRI/GFP* DC in the recipient mice (Fig. 4, B, D,
and F). Importantly, as opposed to the untreated recipients, we also
could detect grafi-derived CD45.1 M® in recipient's Jung (Fig.
4C), suggesting that the ablation of endogenous lung M pro-
moted the seeding of the lung with graft-derived cells. Graft-
derived monocytes, DC, and M® could also be detected upon
perfusion of the recipients, indicating their location in the lung
parenchyma {data not shown).

Taken together, these reseits show that adoptively transferred
CD115" blood monocytes coilectively have the capacity 1o dif-
ferentiate into pulmonary DC and Md.

Monocyte-derived lung DC can prime naive T cells

DC are best defined by their unrivaled capacity to stimulate naive
T cells (35, 36). Importantly, in the pulmonary mononuclear sys-
tem, M® are established suppressors of T cell activation (20-22,
37). We therefore sought to study the functionality of graft-derived
tung DC by transferring monocyies into mutant mice that lack the
essential costimulatory molecules CD80 and CD86, and hence are
incapable of naive T cell priming {26, 38).

We first tested the ability of grafted OV A-specific TCR trans-
genic T celis (OT-11) {(27) to respond to i.1. OVA challenge in wt
and ¢d80™'"1cd86™ recipient mice (Fig. 54}. Mice received an

OT-I,CD45.1 CD4™ T cell graft (day 0), followed by an it
chalienge with OVA and LPS on the 3 subsequent days (days 1-3).
Seven days afier the initial immunization {day 8), mediastinal LNs
were isolated and analyzed for the presence of OVA-specific
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FIGURE 4. Grafled peripheral blood monocyies give rise to fung DC
and M in monoauclear phagocyie-depleted recipient mice. A~E, DTx-
treated CDI/Ic:DTR monocyie recipient fung, day 4 after transfer.
CDIHe:DTRCDA45.2 mice pretreated i.t. with DTx (100 ng, day 0) ei-
ther received cxer/* ™+ ,CD45.] CD115* blood menocyte graft (108
cells, +graft) or no graft (w/o} 2 h after DTx wreatment. Lung mono-
eytes (4, CD11e™CD1Ib™ cells gated according te Fig. 14 (R1 and
R4}, DC (8, CD1ic*CD1Ib™ cells gated according to Fig. 14 (R1 and
R3}}, and MO (C, CDilc*CD1 1b"CX;CRU/GFP™ cells gated accord-
ing w0 Fig. 1A (R1, R2, and R3)), as well as BAL DC (D, CDl1c*
CDI1b™ cells gated according to Fig. 1A (R1 and R3} and MO (£,
CD11c*CPRI1b"CX,CRI/GFP™ cells gated according to Fig. 1A (R1,
R2, and R5)) were analyzed on day 4 for grafi-derived cells, Numbers
indicate percentage of graft-derived ceils (CX,CRUGFP*CD45.1% or
CD45.1%) of total population and their absolute numbers (in parenthe-
ses), Data show representative resulls of three independent experiments
involving cne to two mice per group. F, Histological analysis of DTx-
wreated monocyte recipieat lung. CDJJ/e:DTR mouse was treated with
DT 1.1, {100 ng, day 0) and received CX,CR1%F" blood monocyte praft
2 b tater, as previcusly described. Pictures show green flucrescent cells
with DC morphology in different areas of recipient lung.
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T cells in mice lacking CDBO and CD86 molecules. The wt (CD45.2) and cd80™ "1¢d86 ™ (CD45.2) mice received an OT-11CD43.§ OVA-specific T cell graft
(10° cells) on day 0. Recipients were treated i1 with either 10 pg of OVA and 100 ng of LPS (wt + Ova, cd8/86™/" + Ova) or LPS alone (wt wie Ova) on
days 1, 2, and 3. Mediastinal LNs were isolated on day 8 and analyzed for the presence of CD45.1% prafted T cells. Bar diagram shows percentage of
CDH5.17CD4™ ceils of the otal CB4™ T cell population {group size: n = 5 for OV A-treated groups, and n = 3 for LPS-weated group). Numbers indicate
percemage of CD43.17 cells of total CD4™ celis, followed by the appropriate SDs. #, p << 0.01 {two-tailed Student’s ¢ test). B, Monocyte wansfer reconslitules
priming of OV A-specific CD4 T ceils in cd80™"5cd86 ™ mice, The wi and cd80™cd86™ mice received OF-1 grafts on day 0, as described in A. One day
fater, cd80™ ;686" mice also received either cx,er] VS g 17, CD45.2 CDLES™ blood monoeyte graft (3 X 10° cells, ed80/86™/~ +mono) or no graft
(cd80/86 7). Three hours before monocyte transfer and on days 2 and 3, #ll mice were il treated with OVA (10 pg) and LPS (100 ng), as described in A,
Mediastinal LNs were collected on day 8, and the percentage of CD45.17 cells of wo1al CDA™ T cells was determined for each mouse. Data show one representative
of three independent experiments invoiving one to two mice per group,

CD4™ T cells (CD45.1™%). The levels of surviving grafted T cells parable to those of LPS-challenged control recipients (Fig. 54). In
in OVA/LPS-chalienged cd80™" " ;cd86™/ recipients were signif- conclusion, due to the absence of competent lung DC in these
icantly lower than in OVA/LPS-challenged wt recipients and com- cd80™"":cd86™" mice, grafted OVA-specific TCR wransgenic
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FIGURE 6. Distinct donor-dedved moaonuctear phagocyte populations in recipients of Gri™ and Gri'™" monocyte grafis. A, FACS analysis of representative
cx,er ! rag I~ CD45.1 monoeyte grafis, MACS fractionated according to Gr| expression. Dot plots show isolated Gr1"#"CX,CR I/GFP™ (Jeff) and Gr1*™
CX,CRUGFP"™ (right} blood monocytes. B, Untrested wt mice received Gri™® (3 X 10° CX,CRUGFPGrI™" cells), Gri"™ (3 X 10° CX,CRI/
GFPY®GrI™™ cells) grafts, or no graft on day 0, as described in A, Lung DC were analyzed on day 4 for grafi-derived (CX,CRI/GFP™) cells. DC are defined
as CD1ic™CDLIb™ cells pated according to Fig. [A (R1 and R3). Data show one representative of three independent experiments involving ane to two mice per
group. €, DTx-wrented CDJ1e:DTRiCD43.2 mice were pretreated it with DTx (100 ng) and received Gei™s" (2.5 % 10° CX,CRUGFP'GriMe® cells) praf.
Grl'™ (1 X 10° CX,CRUGFP™"Gr1"™ cells) graft, or no graft on day 0, Lung DC and M® were analyzed on day 4 for graft-derived cells. DC are defined ns
CD11c*CDI11b* cells gated accosding to Fig. 14 (R} and R3). MW are defined as CD1ic*CD11b™CX,CRI/GFP™ cells gated according to Fig. 14 (R1, R2, and
R5). Dalz are represeatative of three independent experiments involving one to two mice per group. I, The wi recipients (CD48.2) pretreated .6 with LPS (200 ng) received
Gri"™" (4 X 10° CX;CRUGFP¥GrM cells), Gri'™ (2.5 X 16° CX,CRI/GFP"'Gr1*™ ceils), or no graft on day 0. Luag DC and M compariments (defined
as CD1ic*CD1Ib™ celis pated according to Fig. 14 (R1 and R3) and CD1ic*CDHb™CRCRI/GFP™ celis pated according to Fig. 14 (R1, R2, and R9),
fespectively) were analyzed on day 4 for graft-derived cells. Data are representative of three independent experiments involving one to two mice per group, Numbers
in B-D indicate percentage of graft-derived gated cells (CX,CRYGFP™ or CD45.1%) of total indicated population and their absciute numbers (in parentheses).
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CD4™ T cells failed 1o respond to L.t OVA challenge (Fig. 54). We
then tested the ability of wi blood monocytes to reconstitute OT-11
CD4* T celi response in cd80™/":cd86 ™" mice. One day after
OT-II T cell wansfer, cd80™"";cd86™" mice either received a
monocyte graft or no graft. Te exclude B cell contaminations,
CD115™ blood monocytes were retdeved from cxerf® ™ ragl ™'~
CD45.2 mice, which lack mature lymphocytes. Three hours before
moanocyle transfer, and on the 2 following days, all mice were
challenged it. with OVA and LPS. Seven days after the initial
immunization, we isolated the mediastinal LNs and analyzed them
for the presence and proliferative expansion of OVA-specific
CD4™ T celis (CD45.17%). As seen in Fig. 38, monocyte-derived
DC partially recosstituted the OVA-specific CD4™ T cell re-
sponse. This in vivo rescue of the CDBX/CD86 deficicncy confirms
that adoptively transferred monocytes differentiated in the recipi-
ents into bona fide lung DC that are capable of priming naive
T cells.

Gri®s* and Gri™ blood monocyte subsets differ in their
potential 1o become either DC or MO

The adoptive transfer of blood monocytes established that this het-
erogeneous population includes cells that can differentiate into
both lung DC and M& (Fig. 4). We next decided to test whether
the two Grl"EPCXL,CR1™ and Gr1'™“CX,CRI1"™" mosocyie sub-
sets (8) differ in their potential to give rise to pulmonary mono-
nuclear phagocytes. Te this end, we fractionated blood of
cx,er ¥ rag 1 CD45,1 donor mice by magnetic separation
according to Grl expression {Fig. 64) and injected the monocyte
fractions into CD43.2 recipients,

To study the differentiation potential of Gri™® and Gri*™¥
blood monocytes in steady state, we first transferred them into
unircated wi recipients and analyzed their lungs 4 days later. In
agreement with our previous data (Fig. 28), both subsets failed to
give rise to lung MK under these conditions {(data not shown).
Graft-derived CX,;CRI/GFP* DC could be detected in recipients
that had received either Gr1™#" or Gr1'™ blood monocyles (Fig.
68). This indicates that in steady state both monoeyte subsets reach
the lung and can give rise to DC.

We next examined the monocyte subset fate in recipients de-
pleted of endogenous mononuclear phagocytes. To this end, we
transferred Grl-fractionated CX3CR19FF CD45.1 biood cells into
CDI1c:DTR CD45.2 recipients that were pretreated i.t. with DTx.
Algo, under these conditions, we were able to detect grafi-derived
DC in recipieats of either of the subsets {Fig. 6C). Interestingly,
however, CD45.1* grafi-derived lung M@ were only observed in
recipients of the Gr1'™ monocyte graft, but not in the lungs of
Gr1™E* monacyte recipients (Fig. 6C). This suggests that Gri'®®
blood monacytes, but not Gr1™E" monacytes, have the potential 1o
give rise 1o fung Md under the conditions studied.

H was shown recently that endotoxin exposure accelerates re-
placement of pulmonary M®D by BM-derived cells as compared
with noninflammatory conditions {39). In the DTx-induced cell
ablation sysiem, targeied cells die by apoptosis (24, 40) and their
replenishment might therefore mimic noninflammatory conditions.
To investigate the differentiation potential of the monocyte subsets
under inflammation, we therefore transferred Gri-fractionated
CX5CRIC™ donor blood into wi recipients (CD45.2) pretreated
i.t. with LPS. Both Gr1'® and Gri™™®" monocyte subsets readily
gave rise to DC {Fig. 6D). However, again only in recipients of
Gri™ monocytes, we detected graft-derived lung M@ (Fig, 6D).

In summary, our adopiive cell transfer experiments suggest that
under inflammatory and noninflammatory conditions, both Grl "
and Gri*" blood monocytes can give rise to jupg DC. Impor-

2005

A g C Blond(d.a)
Sy 2%

= 6
" 5 88% 1

GFP GFP GFP GFP

3]
CD45.1

CoHs

B itungdaprxdn £ Lungd.s(DTxd.a)
wio +graft wio +graft
0.48% (135) 9.03% (19)

FSC

~ FSC

Meb

CDas

(ST ———
FIGURE 7. GrI"¥ monocytes give rise to lung Mtb afier conver-
sion into Gr1™ monocytes. A, FACS analysis of CD115*CX,CRI/
GFP™Gr1™" BM monocytes purified from cx,er/™*,CD45.1 mouse
fernora and tibiae using FACSAria cel sorter. B and C, CDJ e DTR mice
pretreated .t with DTx (100 ng) received a Gri®¥" BM monocyte graft
(10° celis) or no graft on day 0. B, Recipient lung M® and DC compart-
menis (defined as CD1Ic*CD1ib™ cells gated according 1o Fig. 14 {R1
and R3) and CD1ic"CD1ib™CX,CRI/GFP™ cells gated according to Fig.
1A (R1, R2, and R3}, respeciively) were analyzed on day 4 for graft-
derived cells (CX,CRI/GFP* or CD43.1%). Numbers indicale percenlage
of gate cells of total indicated pepulation and their absolute numbers (in
parentheses). Data show one representative of three independent experi-
ments involving one to two mice per group. C, Recipient blood was ana-
lyzed on day 4 for CX;CRIGFP*CD45.1% graft-derived cells for Grl
expression (feft panel). Recovered population is equivalent to 10°~107 1otal
donor monocytes per recipient’s bioodsiream. D, CD/e:DTR secipienis
received a Gr1M monocyte praft (2 X $0% cells) or no graft on day 0, and
were t1. treated with DTx (100 ng) on day 4. Lung DC and Md» (defined
as CD1ic*CDIIb™Y celis gated according 10 Fig. 1A (R1 and R3} and
CDHle™CD1ib™CX,CRIAGFP™ cells gated according 1o Fig. 14 (R1, R2,
and R5}, respectively) were anaiyzed on day 8 for graft-derived cells. Gates
show and numbers indicate percentage of graft-derived cells (CX;CR1/
GFP™ or CD45.17) of total popuiation and their absolute numbers (in
parentheses). Data show one represertative of three independent experi-
menss involving one o two mice per group.

tantly, in our experimental system, only Gr1™" monocytes, but not
the Gri™& cells, gave rise to lung M.

Upan conversion into Grl™™ monocytes, Gri™™* BM monocytes
gain the potential to generate lung M®

Recent studies have established that Gr1™®" monocytes are effi-
cient precursors of Grl™™ monocytes (12, 18, 19). This suggests
that the failure of Gri™*" blood monocytes to give rise to lung Mt
in our system {Fig. 6, C and D) might be due to the fact that the
time window between transfer and analysis (4 days) was too short
for both Gr1"&"Gr1*** monocyte conversion and M differenti-
ation to oceur,

To direcily test whether grafied Gri™" monocytes can gain the
ability 1o give rise to M through a Gr1'™ monocyte intermediate,
we investigated the ability of Gr1"#"_derived Gr1'®* monocytes to
give rise to Jung Md. Isolation of cells from donor BM allows
obtaining larger amounts of Grl™" monocyle as compared with
the blood (~0.5 X 10% cells/femur vs ~0.5 X 107 ceils/ml blood).
We therefore isolated cells from BM of cx;erf®™¥:.CD45.1 donor
mice and purified CD115¥CX,CRI/GFP+Gr1™* monocytes us-
ing a high-speed cell sorter (Fig. 74). Purified cells were then



2006

adoptively transferred o CD/c:DTR CD45.2 recipients, which
were divided into two groups that were treated with DTx on dif-
ferent time points.

One group of recipient mice was treated with DTx §.4. on the day
of BM monocyte transfer and analyzed 4 days later (Fig. 7, B and
C). Confirming the resulis we had obtained with the Gribish
blood monocyte grafts (Fig. 6C), we readily observed graft-
derived DC in the recipients’ lungs, but failed to detect graft-
derived M (Fig. 78).

A second group of mice was treated with toxin only 4 days after
receiving Grl™ BM monocyte graft. At that time, the majority of
graft-derived circulating blood monocytes had converied into
Gr1'™™ cells (Fig. 7C). Interestingly, the analysis of these recipient
mice 4 days after DTx treatment (day 8) revealed the presence of
both graft-derived DC and M in their lungs (Fig. 7D}.

Cumulatively, these resuits suggest that Gri®" monocytes jack
the immediate potential to give rise to lung M®, but can gain this
function upon conversion inte Grl™" monocyies.

Discussion

In this study, we used adoptively transferred blood monocytes 1o
investigate the precursor/progeny relationship between these cir-
culating leukocytes and pulmonary mononuclear phagocytes, in-
cluding DC and M®. Specifically, we studied the differentiation
potential of two recently described murine monocyte subsats that
car be differentiated according to cxpression of the Grl surface
marker.

To study the differentiation potential of monocytes into lung
mononuclear phagocyies, we made use of CDJIc:DTR transgenic
mice, which provided us with a tool 10 specifically ablate pulmo-
nary CD1le™ cells, without effecting undifferentiated monocytes
{24, 34} (Fig. 3). Depletion of CD{1c™ cells, including Md and
DC, promotes the seeding of the pulmonary mononuclear phago-~
cyte system by blood-derived cells (L. Landsman and §. Jung,
manuscript in preparation). Importantly, as opposed to other sys-
tems (41}, our DTx-based depletion strategy is dependent on the
genetic background of the mice (24), and non-DTR transgenic do-
nor cells are therefore resistant to ablation upon differentiation into
CDl11c™ cells. However, we cannot exclude that depletion of lung
M impairs lung homeostasis and as such provides proinflamma-
tory conditions.

In agreement with studies on the rat intestinal LNs (17), we
show that murine monocytes can give rise to luag DC in steady
state (Fig. 2). Furthermore, we demonstrate differentiation of blood
monocytes into lung DC under inflammation (Fig, 6), thus extend-
ing previous reports for skin and peritoream (7-8). In addition,
these monocyte-derived lung DC were capable of reconstituting
CD4* T cell priming in 2n immunodeficient mouse model (Fig. 3).
Importantly, we were able to show that both Grl™#*CX,CR1™
and Gr1™“CX,CR1"" blood monocyte subsets had the potential
to give rise 1o Jung BC under both inflammatory and noninflam-
matory conditions (Fig. 6).

Tissue Mt are believed to arise from blood menoeytes (1)
However, direct proof for this connection is largely limited to se-
rosal Mth in the peritoneal cavity (5). In this study, we provide
direet evidence that bloed monocytes can give rise to parenchymal
lung M in Mp-depleted recipients and under inflammation (Figs.
4 and 5). However, interestingly, the potential 1o become a Jung
M is restricted to the Gr1'CX,CR1"™*" monacyte subset.

Our results suggest that GrIM#*CX,CR1™ and Gr'™CX,CR1"s"
monocyte subsets respond in the lung differcntly to the same envi-
ronmental signal, indicating their commitment to acquire either DC or
M fate. Thus, the potential 1o give rise to lung M® was restricted 10
the Gri™ monocyte subset, whereas Gr1™s" monocytes seem des-

DIFFERENTIAL MONOCYTE FATES

tined to become iung DC. The latter can, however, gain the polential
to become lung M® by conversion into Grl™™ monacytes (Figs. 6
and 7). Upon differentiation into Grl"™™CCR2™ cells, Gri™e"CCR2™*
monocytes are likely to lose their ability to respond to inflammatory
signals, such as MCP-1 (CCL2} (16, 42). This scenaric may reflect the
need for DC during inflammation, in which Gri™&" monocytes mi-
grate 10 site of challenge and exclusively give nse to DC. It may
ensure limitation of competition on precursor cells by steady-state
tasks, such as the generation of tissue M®. Replenishment of the lung
M population under inflammation might be accomplished by pro-
liferative expansion of local precursors in addition 1o monocyte dif-
ferentiation (L. Landsman and S. Jung, manuscript in preparation).

Lung DC and M play opposing roles in the initiation and
maintenance of fung inflammations. Whereas DC activate T celis
and thereby promote inflammatios, puimonary M€ suppress these
processes (20, 21, 37, 43}, It has therefore been suggested that the
badance of these two cell types influences the progression of lung
inflammation, such as asthma (44, 45). The results prescated in this
siudy highlight the differential origins of M® and DC in the lung.
Although lung DC can develop from both Gr1"™#*CX,CR1™ and
Gr1'™CX,CR ™" monocyte subsets, lung M® originate from
Grl'"™ monocytes. In-depth understandiag of the origin of lung
DC and M® might be of value for the development of cell ther-
apies for respiratory disorders.

Acknowledgmenis
We thaank our laboratory members for eritical reading of the manuscrip,
and afe grateful to Y. Chermesh and Y. Melamed for animal husbaadry.

Disclosures
The authers have no financial confiict of interest,

References

1. Von Furth, R, and Z. A, Cobn. 1968, The origin and kinctics of mononuclear
phagocytes. 2 Evp Med, 128 315435,

2. Gerdon, 8., and P. R, Taylor. 2005, Monocyte and macrophage heterogeneity.
Nar. Rev, Immunol. 5: 953-964.

3. Sallusto, F., and A, Lanzavecchia, 1994, Efiicient presentation of soluble antigen
by cultured human decdritic cells is maintained by granufocyte/macraphage coi-
ony-stimulating factor plus interleukin 4 and down-regulated by tumor necrosis
factor a. J. Exp. Med. 179 1109-1118.

4. Wiktor-Jedrzejezak. W.. and 5. Gorden. 1996. Cyzokine repuintion of the mnc-
rophage {Md) system: siadied using the colony stimulating facter [deficizng
op/op mouse. Physiol. Rev, T6: 927947,

5. Van Furth, R., M. C. Diesselhoff-den Dulk. and H. Mattic. 1973, Quantitative
study on the production and kinetics of menonuclear phagocytes during an acute
inflammatery reaction. J. Exp. Med. 138: 13141330,

6. Naito, M., 5. Umeda, T. Yamameto, H. Moriyama, H, Umezu, G. Hasegawa,
H. Usuda. L. D. Shultz, and K. Takahashi. £996. Development, differeatiation,
und phenotypic heterogeneity of murine tissue macrophages, J, Lewkocyre Biol,
59: 133-134,

7. Randoiph, G. J. 1999, Differentiation of phagocylic monocytes into lymph node
dendritic cells in vive. frenuniry 11; 753761,

8. Geissmann, F. 8. Jung, and D, R. Littman. 2003. Blood monocytes consist of two
principal subsets with distinct migratory propesties. Smmunity 19, 7§82,

9. Ginboux, F, F. Tacke, V. Angeli, M. Begunovic, M. Loubeau, X. M, Dai, E. R.
Stanley, G. 3. Randaiph, and M. Memnd. 2006, Langerhans cetls arise from mono-
cyles in vivo. Nut, Tmmunol, 7; 265-273,

10. Fogg. D. K., C. Sibon, C. Miied, 8. Jung, P. Auscouturier, D. R. Litzman, A.
Cumang, and F. Geissmann. 2606, A clonogeaic boae marrow progenitor specific
for macrophages and deadritic cells, Science 317 83-587,

11. Naik, S, H., D Metealf, A, van Nisuwenhuijee, 1. Wicks, L. We, M. O Keefle,
und K. Shostman, 2006. Entrasplenic steady-state dendritic celk precursors thiat are
distinet from monocytes. Nat. Imoumol. T: 663671,

12, Vool C., L. Landsman, D. K. Fogg, L. Greenshiein, B, Gildor, R. Margalit,
V. Kalchenko, F, Geissmann, and 8, Jung, 2006, Monocytes give rise 10 mucosal. but
not splenic conventionad dendritic cells. J. Exp. Med. In press.

13. Passlick, B., D. Flicger, and H. V. Ziegler-Heitbrock. 1989, dentfication and
characterization of a novel monacyle subpopulation in kuman peripheral blood.
Bload 74: 2527-1534.

14. Grage-Griebenow, E., H. D. Flod, and M. Emst. 2001. Hewerogencity of human
peripheral bicod monocyte sabsets. J. Lewkocyre Bial. 65 1128,

15. Belge, K. U, F. Dayyani, A. Horelt, M. Siedlar, M. Frankenberger, B. Frankenberger,
T. Espevik, and L. Ziepler-Heitbrock. 2002. The proinflammatory CDI4*
CDIGYDR™ ™ monecytes are a major source of TNF, J, Immunal. 164; 35363542,



The Journal of Immunology

16,

Palframan, R. T.. 5. Jung, G. Cheng, W. Weninger, Y. Luo, M. Dorf, I. R,
Littman, B. I, Redling, H, Zweerink, A. Rot, and U. H. von Andrian, 2008,
Enffammatory chemekine wansport and presentztion in HEV: a remote conurol
mechanism for monocyse recruitment 1o lymph redes in inflamed tissues. J. Exp.
Med. 194: 1361-373,

. Yriid U, C. D. Jenkins, and G. G, Macpherson, 2006, Relationships between

distinct blood monocyte subsets and migrating intestinal fymph dendrtic ceils in
vivo under sieady-state conditions. S el 176 4155-4162,

. Senderkotter, C., T, Nikolie, M. 1. Dillon, N. Van Roaoijen, M. Stehling, D. A,

Drevets, and P. 4. Leenen. 2004, Subpepulations of mowsse dleod monocytes differ
in mawration siage and inflammatory response. J. Immanel, 172 44104417,

. u. C. B0 WL Edwands, F. Tacke, V. Angeli, 1, Lladra, G. Sanchez-Schmitz,

AL Gurin, N 5. Hague, W, Peters, N. vas Rooijen, et af. 2004 Rele of CCRS and
other chemaokine pathways in the migration of monocyte-derived dendritic cells
to lymph nedes. J. Exp. Med, 2500 1231-1241,

. Holi, P. G, 1. Otiver, N. Bifyk, P. G. McMenamin, G. Kraal, and T, Thepen.

1993, Down-regulation of the antigen presensing cell functien(s) of pulmonary
dendritic celis in vivo by resident alveolur macrophnges. J. Exp. Med, 1T7:
397-407.

. Julin, V., E. M. Hessel, L. Malherbe, N. Glaicheshavs, A, O'Garm, and R. L.

Coffman. 2002, A resuicted subset of dendritic cells capiures zirberne antigeas
and remains able o activate specific T cells long after antigen exposure. Immunity
16: 271-283.

. Lambrechs, B, N., B. Salomon, D, Kiatzmann, and R, A. Panwels. [998. Den.

dritic cells are required for the development of chronic cosinophilic airway in-
flammatien in response o inhaled antigen in sensitized mice. J. Jmmunel. 160;
40904097,

. Gonzalez-luarrere, M., T. 8, Shim, A. Kipnis, A. P. Junqueisa-Kipnis, and [ M.

Orme, 2003, Dynamics of macrophage cell poputations during murine pulmonary
twbercuiosis. J. Immunol. 171: 312831335,

. luag, 5., D. Unuimaz, P. Wong, G. Sano, K. De los Santos, T. Sparwasser, 5. Wu,

S. Vuthoori, K. Ko, F. Zavala, st ai. 2002, In vivo depletion of CD11c™ dendritic
cells ubrogates priming of CD8™ T celis by exogenons cell-associated antigens,
fmmmpeniee 470 211-220

. Jung, 5., . Aliberti, . Grawmmel, M. !, Sunshine, G. W, Krewtzberg, A, Sher,

and [ R, Litman. 2000, Anzlysis of fractatkine recepior CX,CRI1 funcsion by
targeted deletion and green fluorescent protein seponer gene insertion. Mol. Cell,
Bipl. 20; 4106-4184,

. Borrdelln, F, M. P Scthia, 5. D0 Boyd, A, N, Schweitzer, B, AL Tivel, . Jacoby,

T. B. Sirom. E. M. Simpson, G. }. Freeman, and A, H. Sharpe. 1997, B7-1-and
B7-2 have overlapping, critical reies in immunoglebulin elass switching and
germinal censer formation. fmenwiry 6 303-313.

. Barnden, M, L, L Allison, W, R, Heath, and F, R. Carbone. 1998. Defective TCR

expression in transgenic mice constructed wsing cDNA-based a- and P-cliin
penes under ibe controi of heterologous regulatery elements. Immunol, Cell Biol.
76; 3440,

. Robertson, J. M., £. E. Jensen, and 8. D, Evavold. 2000, DOILIG and OT-1I T

cells recognize a C-terminad ovalbumin 323-339 epitope. S Tmmunsl 164
4706-4712,

33

34

35.

36.

37.

38.

39.

0.

41,

45.

2007

. Ho, W., and A, Furst, 1973, Intratrachenl instillation method for mouse lungs,

Oncalogy 27: 385-393.

. Bergaer, A., and M. 1. Sandersen. 2003, Airway coatractility and smoeth muscle

Ca** signaling in lung slices from different mouse strains, J, Appl. Physiol. 95;
1325-1332,

. Yermaelen, K., and R, Pauwels. 2004, Accurate and simple discrimination of

mouse pulmonary dendritic cell and macrophage poputations by flow cytometry:
methodology and new insighss. Cyvtomerry A 612 170-177.

- Havenith, C. &, A. L Breedijk, P. P. van Miert, N. Blijieven, W. Calame,

R. H. Beelen, und E. C. Hoefsmit. 1993, Separation of alveolar macrophages and
dendritic celis via nutefluprescence: phenatypical and funcrionnd charactesization.
I Lewkacyre Biol, 53: 504-514.

Vallon-Eberhard, A., L. Lendsman, N. Yogev, B, Verrier, and §, Jung, 206,
Transepithelial pathogen uptake into the small intestingl lamina propria. 4. fmmungl.
§76; 2465-2569.

Van Rijn L. 5., 8. Juag, A, Kleinjan, N. Yos, M. Willart, C. Duez, H. C.
Haopsteden, and B. N. Lambrecht. 2005, In vivo depletion of uag CD11c™
dendritic cells during aflerpen chaflenge nbropates the characieristic features of
asthma. J, Exp. Med. 201; 381-991,

Steinman, . M., and Z. A. Cohn. 1974, Identification of a novel cell type in
peripheral iymphoid crpans of mice. I Functionad propertics in vitre. J, Exp.
Med, 139: 380-397.

Steinman, R. M. 1999, Bendritic celis. in Fandomenzel Immunology, Vol, |,
W. E. Pauf, ed. Lippincort-Raven. Philadelphin, pp. 347-573.

Poliard, A, M,, and M, F, Lipscomb, 1990, Chamecterization of murine lung
dendritie cells: simifarities to Langerhans celis and thymic dendritic cells. J. Exp.
Med, 172 159167,

Sharpe, A, H., and G, 1. Freeman, 2002, The B7-CD28 superfamily. Nar. Rev.
Immunol, 2 116136,

Maus, U, A S, Jarzen, G, Wall, M, Srivastava, T. S, Slackwell, I, W, Christman,
W. Seeger, T, Welte, and I, Lohmeyer. 2006. Resident aiveolar macrophapes are
replaced by recruited monocytes in response 1o endotoxin-induced lung inflam-
mation, Am, J. Respir. Cell Mol. Biol. 35: 227-133,

Bennett, C. L., E. van Rijn, 8. Jung, K. Inaba, R, M, Steinman, M. L. Kapseaberg,
and B. E. Clausen. 2005. Inducible ablation of mouse Langerhans cells dimin.
ishes but fails to abrogate contact hypersensitivity. J. Cell Biol. 169: 369-376.
Van Rooijen, N. 1989. The liposome-mediated macrophage ‘suicide’ technigue.
L Imumunel, Metheds 124 16,

. Maus, U., K, ven Grote, W, A, Kuziel, M, Mack, E. 1. Miller, 3. Cihak, M.

Swungassinger, R. Maus, D. Schiondorff, W. Seeger, and J. Eohmeyer. 2002. The
role of CC chemokine receptor 2 in alveolar menocyze and nevtrophil immigra-
ton in intact mice. Am. J. Respir. Crit, Care Med, 166; 268273,

. Carcau, E, and E, Y. Bissonoene. 2004, Adopiive wansfer of atveolar mucro-

phages abrogates bropchial hyperresponsiveness, Am, J. Respir. Celi Mol. Biol.
31 23-27.

. Lambrecht, B. N, and H. Hommad. 2003. Taking our breath away: dendsitic cells

in the pathogenesis of asthma, Mo, Rev, Immuapl. 3; 994-1003
Peters-Golden, M. 2004. The alveolar macrophage: the forgotien celi in asthma,
Am. J. Respir, Cell Mol Biol, 31 3-7.






The Journal of Immunology

Lung Macrophages Serve as Obligatory Intermediate between
Blood Monocytes and Alveolar Macrophages’

Limor Landsman and Steffen Jung*

Alveplar macrophages are a unique type of mononuclear phagocytes that populate the external surface of the lung cavity. Early
studies have suggested that alveolar macrophages originate from tissue-resident, local precursors, whereas others reported their
derivation from blood-borne cells, However, the role of circulating monocytes as precursors of alveolar macrophages was never
directly tested. In this study, we show through the combined use of conditional cell ablation and adeptive cell transfer that alveolar
macrophages originate in vivo from blood monocytes. Interestingly, this process requires an obligate infermediate stage, the
differentiation of blood monocytes inte parenchymal lung macrophages, which subsequently migrate into the alveolar space. We

alse provide direct evidence for the ability of both lung and alveolar macrophages to proliferate.

2007, 179: 3488-3494.

he constant exposure o environmenia! microbial chal-

lenges readers the respiratory tract one of the major sites

of primary viral and bacteriai infections (1). Highlighting
this state of permanent alert, the Jung, which comprises paren-
chyma and alveolar space, is seeded with numerous mononuclear
phagocytes, including dendritic cells (DC)® and macrophages
(Vi) (1, 2). In steady state, M are the major cell type in the
alveolar space, represeating ~90% of its hematopoietic cellular
content {1) and playing a key role in its clearance from pulmonary
pathogens and dying cells (3). Pulmonary Md, however, are poor
T ¢ell stimulators (4, 5), and have even been shown to suppress
lung inflammations, probably by inhibiting DC funciion (4, 6-10).

Alveolar Mdb are bone marrow (BM)-derived cells (11, 12).
Interestingly, howsver, after whole body irradiation and engraft-
ment, their replacement by donor BM cells takes considerably
longer than that of most other celis of the hematopoietic sysiem
(13, 14). Depending on the irradiation protocol used, the time re-
quired for the complete exchange of alveolar M® has been re-
ported to vary from several weeks up to 1 year {11, 13-16}. This
delay in alveolar M®& replacement by BM-derived cells is dis-
cussed as one of the critical causes for the sensitivity of BM trans-
planiation patieats to pulmonary infections (17, 18).

Monocytes are BM-derived circulating phagocytes that are con-
sidered to be the in vivo M® precursors (19, 20). However, spe-
cific M@ populations, such as the brain microglia, have been
shown to originate from local precursors, without persisting input
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from the BM (21). As for the origin of alveclar M®, although they
clearly belong to the hemopoietic lineage, a direct connection 1o
manocytic precursors remains to be shown (22). Moreover, several
studies published during the 1970s and 1980s reported either cir-
culating or local precursor for alveolar M®d, depending on the
method used (for review, see Ref. 22), Based on kinelic studies,
Bowden and Adamson (23) suggested, for instance, & dual origin
of alveolar M&: from blood-borne precursor and from proliferat-
ing cells in the lung pareachyma. With the discovery of alveolar
DC (24), it became, however, unclear whether this study referred
to two distinet cell types, i.e., alveolar DC and M&. In addition,
the alveolar M$ population was reported 10 remain unaffected by
depletion of blood monocytes (23), leading to the conclusion that
alveolar M® are not monocyte derived (26). Because aiveolar Md
are eventually replaced by BM-derived cells {E1), the existence of
circulating precursor was, however, not ruled out. Taken together,
the identity of the alveolar M precursor, as well as its own origin,
remains to be revealed (22).

Through an adoptive monocyte transfer approach, we recently
showed that parenchymal lung M® eriginate in vivo from blood
monocytes (27). Furthermore, we reporied that only one of the two
major murine monocyle subsets, the Gri'™ CX,CRI™MCCR2™
cells (28), harbors the immediate potential 10 give rise to paren-
chymal fung M® (27). In this study, we extended these studies and
investigated the in vivo origin of alveolar M using a combination
of conditional cell ablation and reconstitution. We show that
grafted blood monocytes can give rise to alveolar M®. However,
we provide evidence that alveolar M do not originate directly
from blood monocytes, but require a parenchymal lung M® inter-
mediate. Lastly, we directly show that both bung and alveolar M®
can uadergo proliferation.

Materials and Methods
Mice

This study invelved the use of the following C57BL/6 mouse strains;
CD1 ic:diphtheria toxin (DTx) receptor (DTR) transgenic mice (B6.FVB-
Te(ltgax-DTR/GFP)57Lan/]) that carry 3 DTR transgene under the murine
cdlic pramotor (29); CX;CR1S™ mice harboring a largeted replacement
of the cx,crl pene by a GFP reporter {30); and pMT mice (C57BL/6-IgH-
GrnlCgn) lacking the mermbrane exon of the Ig p-chain gene, and therefore
are B cell deficient (31} Mice were backerossed with CD45.1 mice
(BG.SIL-Pipreca Pep3biBoyl} when indicated. All mice were maintained
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under specific pathogen-free conditions and handled under protocols ap-
proved by the Weizmann Institute Animal Care Committee, according to
international guidelines.

Cell isolations

Mice were sacrificed, and blood was collected from main artery and sub-
jected 1o a Ficoll density gradient (Amersham) to remove erythrocyles and
reutrophils, For bronchoalveolar favage (BAL}, the traches was exposed 1o
allow insertion of a catheter, through which the fung was filled and washed
four times with 1 m! of PBS without Ca®*/Mg™™". Lunp parenchyma wag
then cotlected and digested with 4 mg/ml collagenase D (Roche) for 1 hat
37°C, followed by incubation with ACK bufler to fyse erythrocytes, All
isolated cells were suspended in PBS supplemented with 2 mM EDTA,
0.05% sodium azide, and 1% FCS.

Flow cytometric analysis

The fellowing fluorochrome-labeted mAbs were purchased from ¢Bio-
scieace and used according to manufacturer’s protocols: PE-conjugated
anti-CD1lc and anti-CD 113 Abs, allophycocyanin-conjupated streptavidin
and anti-CD11b Ab, and biotin-conjugated ani-CD43.1, CD11ie, CDLES,
and MHC i Abs. PerCP-coniugated anti-CD11b Ab was purchased {rom
BE Pharmingen. PE-labeled anti-prolifermiag celi nuclear Ag (PCNA) Ab
was purchased from DakoCyiomation and used according to the manafec-
turer's protocol for S phase-specific staining, with modifications. Before
staining with the anti-PCNA Ab, celis were incubated with indicated bi-
otin-conjupated Abs, followed by methanol fixation. Fixed cells were then
incubated with sweptavidin-fluorochreme conjugates and siained for
PCNA. Cells were analyzed on a FACSCalibur cytometer (BD Bio-
sciences) using CeitQuest software (BD Biosciences).

Cell transfers

For lood monocyte ransfers, ~20 mice were sacrificed and bled to collect
an average of 18 mi of blocd. Erythrocytes and neutrephils were removed
by a Ficoll density pradiens, and cells were washed and exposed 1o bictin-
conjugated anti-CD115 Ab (eBioscience), followed by incubation with
strepavidin-conjugated MACS beads (Milienyi Biotec), Ceils were then
magnetically separated according to manufacturer protocol, The positive
fraction was collected and i.v. injected to recipient mice. For mixed BM
chimeras, recipient mice were irradiated with a lethal dose (950 rad) and |
day later iv. injected with 5 X 10% donor BM cells.

Intratracheal instillation

PRS (80 pl) comtaining either DTx (List Biological Laboratories; catalogue
130} or without addition was applied 1o the tracheae of mice, as previously
described, with modifications (32). Briefly, mice were lightly anesthetized
using isoftuorane and placed vertically, and their tongues were pulled out.
Using a fong-nasal tip, liguid was placed a1 the fop of trachea and actively
aspirated by the mouse. Gasping of treated mice verified liquid application
to the alveolar space.

Results
Depletion of lung and alveolar M® results in their rapid
reconstitution

Murine pulmonary DC and M&, both in the lung parenchyma and
the alveolar space, express the S-imegrin CDile. However,
whereas pulmonary DC are also positive for MHC 11, CD11b, and
CX,CRI1, M® have been defined as low for MHC H and negative
for Cx1ib and CX,CRI1 {5, 27, 33, 34).

CDI1c:DTR transgenic mice allow for the conditional abiation
of pulmonary DC and M® (27, 35). This ablation system exploits
the fact that murine cells are generally resistant to DTx because
they lack a high-affinity DTR required for toxin entry into the cell
(36). CD1ic:DTR transgenic mice express a primate DTR under
the control of the cdf/c promoter, resulting in sensitivity of
CD1ilc-expressing cells to DTx-induced cell death (29). Hence,
when applied intratracheally (i.t.) to CDZIc:DTR transgenic mice,
DTx causes the depletion of lung and alveolar CD1le™ cells, in-
cluding both DC and M (27, 35) (Fig. 14).

One day following DTx treatment, lung and alveolar M® num-
bers were dramatically reduced (Fig. 18). The decrease in aiveolar
M was followed by their rapid reconstitution, and 2 days after the
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FIGURE 1. In vivo depletion and reconsiitution of pslmonary M.
Flow cytemeiric analysis of collagenase-digested lung and BAL faid of
CDIc: TR mice, A, Depletion of lung and alveolar M of CDIIcDTR
mice upor DTx treatment. On day ¢, mice were treated i.1. with either PBS
or DTx (100 ng) or left untreated, BAL and lung cells were isolated on day
1 and stained with PE-coupied anti-CD1lc Ab and allophycocyanin-cou.
pled anti-CD1ib Ab. The percentage of Md (idemtificd as CDile®
CDi1b™ celis, as indicated by gates) in the lung parenchyma and BAL of
each mouse was determined. Numbers indicated the percentage of gated
cells. B, Depletion of puimonary M is foilowed by their rapid reconsti-
mtion. CD/ fe:DTR mice were i.1. treated on day 0 with 100 ag of DTx and
analyzed on days 0, 1, 2, 4, 6, and 9 for the number of CDIc*CD11b™
M (as described in A) in their tung parenchyma (O) and BAL (M} fluids.
Graph shows absolute jung and alveolar M aumbers on analyzed days.
i = 3 for each time point. Data show one represemtative of two indepen-
deat experiments.

wreatment their amount almost reached initial levels. Lung M®, in
contrast, continued to decling, reaching their lowest value on day
4, after which also their numbers recovered. By day 9, lung M
were restored 1o their initial levels, whereas at that time the size of
the alveolar Md» population was significantly enfarged over steady
state (Fig. 18).

These results indicate that, following their conditional depletion,
both lung and alveolar M{* populations are rapidly reconstituted,
albeit with distinet kinetics.

Adaptively transferred blood monocytes can give rise to
alveolar M

Elsewhere, we have shown that grafted blood monocytes give rise
to lung M® in Md-depleted, but not untreated, recipients (27).
Four days after transfer, monocyle grafi-derived Mdr could be
readily observed in recipient lungs, whereas we failed to detect
graft descendants in the alveolar space (27). This result could sup-
port the reported notion that blood monocytes do not give rise to
alveolar M@ (23). Alternatively, the kinetics of monocyte differ-
entiation into alveolar M&b might vary from their differentiation
into lung M, precluding detection of monocyte-derived alveolar
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FIGURE 2. Grafted bioed monocytes give rise 1o alveolar M., DTx-
treated €D 1c:DTR mice were gralted with either CDEIS™ monocytes
{109 cells) isolated from blood of ex;er/E™*,CD43,1 mice (+monoyles)
or with no graft (w/o graft) on day 0. Fourteen days after transfer, BAL of
recipient mice were analyzed for the presence of graft-dedived alveolar
M. A, Alveolar M were identified as CB1e™CDI1b™CX,CRI/GFP™
ceks, as indicated by gates. B, Graft-derived alveolar Md were further
identified as CD45.17 cells, as indicated by gafe. Numbers indicate per-
centage of graft-derived cells (CD45.17) of total gated population and sheir
absolute nusmbers (in parentheses). Data show one representative of three
independent experiments.

M 4 days after transfer. To distinguish between these two op-
tions, we decided to extend our previous study and aaalyze mono-
cyte recipients 14 days after transfer.

Monocytes, defined as positive for CD1135 {also known as M-
CSFR), were isolated from blood of cx,cr/#™*,CD45.1 mice and
transferred into CDJ1e:DTR;CD43.2 ransgenic mice, which had
been pretreated by i, DTx installation. Twe weeks after transfer,
the BAL content of recipient mice was analyzed for graft-derived
alveolar M¢. The latter were identified as CD45.1*7CDiic™
CD11b™CX,CRI/GFP™ ceils to discriminate them from CD45.17%
CD11c*CD11b™CX,CRI/GFP* graft-derived DC and CD45.27
recipient's cells (27) (Fig. 24). As shown in Fig. 28, 2 wk after
transfer, we could detect graft-derived alveolar M®. This indicates
that blood monocytes do have the capacity to give rise to
alveolar M.

Lung and alveolar M® show distinct reconstitution kinetics
Jollowing irradiation and BM transfer

Together with our previous study (27), the above result shows that
blood monocytes can give rise to both jung and alveolar Md,
albeit with distinct Kinetics. To further investigate the precursor/
progeny relation of blood monocytes and pulmonary M, we in-
vestigated the kinetics of their reconstitution after irradiation und
total BM engraftment. To this end, we transferred syngeneic wild-
type (wt) BM cells (CD45.1) into lethaily irradiated recipients
(CD45.2) and followed the regencration of the blood monocyte
compartment, as well as lung and alveolar M®, by donor-derived
cells (Fig. 34).

As expected from the literature (20, 1 wk following BM trans-
fer, ail blood monocytes were fully replaced by donor-derived
{CD45.17) cells (Fig. 38). In conirast, and in agreement with their
earlier reported delayed reconstitution {14, 16, 37}, alveolar M®
began to be replaced by donor cells oaly 3 wk after transfer (Fig.
38). Interestingly, the exchange of lung M® by donor BM-derived
cells significantly preceded this event and showed intermediate
kinetics, beginping at day 10, with full reconstitution being
reached 3 wk after wransfer (Fig. 3B).

In conclusion, ali three cell types studied are reconstituted after
irradiation by BM-derived cells, albeit with significantly distinct
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kinetics. Interestingly, our data suggest that lang M® begin 1o be
replaced by donor BM cells only after exchange of the blood
monocyte compariment, and alveolar M9 start to be replaced only
after full reconstitution of parenchymat lung M (Fig. 35).

Abeolar MO do not eriginate directly from blood monocytes

The DTx-induced ablation of alveolar M in CDJ /c:DTR trans-
genic mice was followed by their rapid reconstitution (Fig. 18). To
investigate the origin of these newly generated alveolar Md, we
transferred CD45.1 wt BM into irradiated CD11c:DTR transgenic
recipients {CD435.2). The resulting wi->CD /[ /c:DTR BM chimeras
allow the conditional depletion of host lung and alveelar M®. On
day 5 after BM transfer, i.e., at a time when some blood monocytes
are of donor BM origin, but ali lung and alveolar M® are still host
derived (Fig, 3B8), chimeras were either treated i.t. with DTx or left
untreated. Mice were analyzed on day 8, 3 days afier DTx reat-
ment, when >90% of blood monocyies are donor derived (Figs.
3B and 44). Whereas parenchymal lung M® of unireated chimeras
were still host derived, in DTx-treated mice one-half of them were
replaced by donor cells, most likely of biood monocyte origin (27)
(Fig. 44). Interestingly, in the same mice, >90% of newly genes-
ated alveolar M® were of host origin {CD45.17) {Fig. 44). Hence,
in our experimental setting, newly generated alveolar M origi-
nated from a host-derived precursor, although all blood monocytes
were donor derived (Figs. 38 and 4A4). This result argues that al-
veolar M do not originate directly from blood monocyies.

Lung M® serve as alveolar M® precursor

Depletion of both CD/1e:DTR transgenic lung and alveolar M®
by i.t. DTx treatment was followed by their rapid reconstitution
(Fig. 18). The kinetics of these processes was, however, different.
Although alveolar M® numbers arose after § day, the number of
parcachymal Md continuously declined for the first 4 days fol-
lowing the DTx treatment {Fig. 1B). The mean humarn serum ty,,
of DTx has been estimated to be 18 h (38). Accordingly, the DTx
treatment of CDJ 1e:DTR transgenic mice generally induces a tran-
sient, short-terms depletion of CD11c™ cells (29). It is therefore
unlikely that the pessistent decline of fung M® from day 1 1o day
4 (Fig. 1B} results from ongoing toxin-induced apoptosis, but
rather suggests M® emigration from the lung parenchyma to the
alveolar space. In addition, on day 5 after BM transfer, newly
generated alveolar M® originated from host-derived precursors,
whereas at that time lung M® were of host origin (Fig. 44). Taken
together, our results suggest that parenchymal lung M® act as
immediate alveolar M& precursors.

To further investigate this option, we next studied the origin of
alveolar M® at a time when pareachymai lung M were recon-
stituted by donor-derived cells. To this end, wi—CD17c:DTR chi-
meras were treated 12 days after BM transfer with DTx it., and
control chimeras were left untreated. At this time, all blood mono-
cytes and e fraction of the parenchymal lung Md are of donor
origin, but alveotar M are still host derived {Fig. 38). We ana-
tyzed the recipient mice 3 days later, i.e., on day 15, when all lung
M® are donor derived (Figs. 38 and 458). Although in untreated
mice most alveolar M@ were of host origin, following their DTx-
induced depletion all newly generated alveolar M$ were donor
derived (Fig. 4B).

To conclude, the origin of nrewly generated alveolar M® corre-
lated with the donor/host origin of lung M (Fig. 4). Taken to-
gether with their dilferential reconstitution kinetics following de-
pletion, these data support the sotion that jung Mt act as alveolar
M precursars.
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2 for each time point.

Proliferation of lung and alveolar M®

All blood monocytes are CX,CRI positive, and therefore express
cytoplasmatic GFP in cx,er/®* knockin mice (30), whereas pul-
monary M® are CX;CR1 negative (27) (Fig. 54). Because GFP is
stable for several days (39), all monocyte desceadants inherit the
cytoplasmic GFP label, even though expression of CX,CRI/GFP
might have ceased. Although they are monocyte derived and there-
fore expected to be GFP labeled, pulmonary M® of cxer/8%™
mice are GFP negative {27) {Fig. 54). Because M® are long-lived

A

100
FIGURE 4. Alveolar M do not originate directly g a0
from biood monocytes. BM cells of CD45.1 wt mice H
were adoptivety transferred into irradiated CDJ1e:DTR ésa
CD45.2 ransgenic recipients on day 0. Recipient mice g
were either treated L with DTx on indicated days or T 4o
left untreated and sacrificed 3 days later. Cells were then B
analyzed for CD45.1 expression, as described in Fig. B 5
3A: donor-derived {CD45.1%) blood monocytes, lung 2
M, and alveolar M are cells gated in R1, R2, and R3, o

respectively, whereas host-derived (CD43.17) celis are DTx:
cells outside those gates. A, Recipient mice were either
treated 1.5 with DTx on day 5 (+) or left untreated ()
and were sacrificed on day 8. Bar diagram shows per-

Day 8 (DTx day 5)

Monocytes

cells (40), they most likely lost the GFP label over time, Alierna-
tively, the rapid loss of the GFP label can be explained by cell
divisions, which in the absence of GFP de novo synthesis wiil
resuit in the dilution of the labe] between daughter cells. The latter
is in agreement with previous studies suggesting that murine al-
veolar M originate from preliferating precursors in the lung pa-
renchyma (13, 23, 25).

To distinguish between those two options, we analyzed the GFP
label of newly coming lung and alveolar M®. To this end, we

. Donor (CD45.1%)
. Host (CD45.1)

+ - o+ -
Lung M BAL Md

centage of donor (CD45.1%, M)- and host (CD45.17, B 1ODDay 15 (DTX day 12)
ih-derived blood monocytes, lung M, and alveolar i
M of the total popuiation. #t = 3 for each group. One 5 &b
representative of three independent experiments, B, Re- :_5
cipient mice were either treated i.t. with DTx on day 12 a 80
(+) or left unireated (—) and were sacrificed on day 15, g
Bar diagram shows percentage of donor (CD45.17, M)- W ap
and host (CD45.1 7, EB-derived biood monocytes, lung 2
M, and alveolar Md» of the total popaiation. £ = 5 for B o
each group, Cne represeniative of three independent B
experiments. 0
DTx: - + -+ -+
Monocyles Lung M BALMD
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mice. B, ex;er 8™ .CD] e DTR mice were i.4 treated with DT on day 0 and saerificed on day 1, 3, 5, 7, or 10 foliowing treatment. Lung (Jeff) and alveokar
(right) M (ideatified as CDi1e™CD1ib™ cells) were analyzed for green Auorescence intensity. Note dilution of GFP label in CX;CR -negative M with
time. Data show one representative of three mice for each time point. €, CD/1e:DTR were 1.t treated with either DTx or PBS on day € and sacrificed on
day 3, and their bloed, uags, and BAL fluids were analyzed for PCNA expression. Lungs and BAL fluid cells were stained with biotin-coupled anti-CD1lc
Ab, followed by allophycocyanin-conjugated streptavidia and either PE-coupled angi-PCNA Ab or isotype control (broken Hne histogram). Histogram
shows PCNA expression by CDilc™ cells, as gated in dot plot, of DTx (solid line)- and PBS {gray filled)-treated mice. Blood cells were stained with
biotin-coupled ani-CD 113 Ab, followed by aliophycocyania-conjugated streptavidin and either PE-coupled anti-PCNA Ab or isotype control {broken line
histogram). Histogram shows PCNA expression by CD115™ cells, as gated in dot plot, of DTx (solid line)-treated mouse. Data show one represeatative
of four mice for each group, D, CO{ o:DTR; pMT mice, which are B cell deficient, were i.1. treated with DTx on day 0 and sacrificed on day 3, and their
iungs were analyzed for PCNA expression. Half of lung cells were stained with biotin-coupled anti-CD11¢ Ab and half with biotin-coupied anti-MHC H
Ab, bath followed by allophycocyanin-conjugated srepiavidin and PE-coupled anti-PCNA Ab. Histogram shows PCNA expression by CD g™ celis (solid
line, as gated in A), including both M and DC, and MHC 1™ cells (gray filled, as gated on det plot), including only DC. Data show one representative
of four mice.

aenerated a4 cxyer/5 ™ CDe:DTR double-transgenic  mouse Next, we decided to directly study the proliferation status of
line, treated the mice with DTx it, and investigated the greea lung and alveolar M@ by determining their PCNA expression lev-
fluorescence intensities of their lung and alveolar Md on the fol- els. The amount of PCNA increases during late G, phase at sites
lowing days (Fig. 58). During the first 5 days after depletion, of DNA replication, reaches & maximum in S phase, and declines
newly coming lung M showed various green fluorescence inten- during G, phase (41, 42).

sities, ranging from high 1o low (Fig. 58). This may result from We therefore stained lung, BAL, and blood cells of CDIIc:DTR

differentiation of CX;CRI/GFP-positive monocytes into CX,CR1- mice 3 days after L.t. reatment with either DTx or PBS for PCNA.
negative M@ and the division of the latter. From day 7 and on, In PBS-treated mice, CD11c™ lung cells were PCNA™, indicating
lung M4 Auorescence intensity was low and comparabie to that of that they were in G, phase, and upon DTx treatment a majority of
lung M from PBS-treated mice (Fig. 5, A and B). This suggests these cells became PCNAME" (Fig, 5C), documenting § phase ea-
there is no more input of monocytes at this siage, but because lung try and proliferation (41). Because CDl1lc is expressed by both
Mt population increases (Fig. 1B}, proliferation of differentiated lung Md and DC (33, 34), the analyzed population includes both

lung Mdr most likely persists. cell types. In contrast, MHC H is highly expressed by lung DC, bt
Througheut the experiment, alveolar M@ showed similar green not by M, and therefore allows the discrimination of the two cell
fluorescence intensities to those of PBS-treated mice (Fig. 5, com- types (34). To exclude a potential contamination with MHC [i-

pare A and B). This supports the notions that the differcntiation of expressing B cells, we crossed CDJJe:DTR mice with B ceil-de-
blood monocyte into alveolar M@ is indirect and reguires a lung ficient mice (uMT mice) {31), allowing the exclusive definition of
M intermediate. Furthermore, these data also suggest that the lung MHC 11 ceils as DC. The comparison of PCNA expression
profiferation of lung M (which allows the loss of the GFP label) levels of MHC II- and CD1lc-positive lung cells of DTx-treated
preceded their migration into the alveolar space. CDJIc:DTR;uMT mice confirmed that the PCNAM! cells were
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fung M (CDIEie™MHC 1Y), whereas lung DC (CD11c™MHC
11"} were PCNA™™M (Fig, 509, This indicates that lung M, but
not lung PC, undergo proliferation.

Blood monocytes were PCNA™ (Fig, 5C), in agreement with
other siudies showing that monocyles do not proliferate (28, 43).
Interestingly, following the DTx treatment, alveolar M® became
PCNAME" (Fig, 5C), supporting the notion that they can prolifer-
ate, as previously reported in humans (44).

To conclude, both lung and alveolar M® have preliferative po-
tential, which manifests itself upor their DTx-induced depletion
and reconstitution. In addition, our resuits show that lung Md
proliferation precedes their migration into the alveolar space,

Discussion

In this study, we provide direct evidence that alveolar M@ origi-
nate from blood monocytes, and show that this process requires a
hung-resident intermediate. We proposed that generation of alve-
olar M®b invoeives the differentiation of blood menocytes into Mg
in the lung parenchyma, proliferative expansion of these cells, and
their emigration into the alveolar space. In such a scenario, lung
MO may serve as a local reservoir, from which alveelar M® can
be generated whenever needed.

This model is in accordanee with results of most previous stud-
ies on the alveolar M9 origin. Our finding, suggesting an indirect
connection of blood monocytes and alveolar M®, agrees, for ex-
ample, with the finding of Sawyer et al. {25), showing that the
alveolar Md population is unaffected by experimentally induced
blood monocyie depletion. Furthermore, the derivation of alveolar
M® from blood monocytes is in agreement with the previoysly
reporied replacement of these M by donor cells upon BM trans-
fer (11, 12), and the need for a luag intermediate can further ex-
piain the observed delayed reconstitution (13, 14). Bowden and
Adamson {23) suggesied 2 dual origin for alveolar Md, either
directly from biood-borne precursor or from local proliferation.
Our resulls suggest the steady-state derivation of alveolar M®
from local proliferating precursor, i.e., jung M@, and therefore
partially agree with the mentioned study. Alveolar DC had not
been identified by that time Bowden’s study was conducted (24),
and our current data and previous reports suggest that they are
derived from bivod monocytes without local proliferation (27). We
wauld therefore like 1o propose that the cells shown by Bowden
and Adamson (23) to directly derive from blood monocyte are
alveolar DC, potentially mistaken for alveolar Md. To cor-
clude, our model offers a connection between works reporting
local precussor (13, 23, 25, 45) and those indicating blood-
borne precursor (11, 12, 40} for alveolar M, previously
thought to be contradictory.

We show that the pulmonary M reservoir is maintained by
M proliferation in sitw, in both lung parenchyma and alveolar
space. In situ proliferating precursors were also suggested for other
M® population, such as splenic M® and Hver Kuplfer celis (46,
47). Therefore, dependency on a local seif-renewal capacity seems
to be & general feature of M@ populations, rather than uaique to
aiveolar M.

Because the main roie of aiveolar M® is the maintenance of the
alveolar space by clearing dying cells, particles, and pathogens,
there is a constant need for their presence in adequate numbers. By
aboiishing the dependency on recruitment of blood precursors, the
existence of local precursor as reservoir for alveolar M allows a
tight control and prompt adjusiment of their numbers. Conse-
quently, the rate of monocyte differentiation into lung Md under
steady state is ikely to be low, precluding the detection of mono-
cyte-derived alveolar Md (23, 45). In this study, we use a nonin-
flammatory, experimentally induced M depletion protocol to ac-
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celerate the M® turnover rate, allowing us to detect lung M-
derived alveolar Md» in resting state.

Under conditions other than steady state, the dependency of al-
veolar M® population on input from the blood might differ. In-
flammation is, for example, associated with an increase in alveolar
M® levels (16, 37, 48), and i.t, LPS treatment of BM recipient
mice aceelerates the replacement of alveolar Md» by donor cells
{16). Interestingly, the rate of lung M<® replacement by donor-
derived cells was also promoted in these stadies {16). In agreament
with these findings, we have previcusly shown the differentiation
of blood monocytes into lung M® in i.t. LPS-treated recipients, but
not in untreated mice (27). We, however, had failed to detect graft-
derived alveolar M in these studies, which included the analysis
of recipient mice 4 days following monocyte transfer (27). In ad-
dition, Adamson and Bowden’s (48) kinctic studies (when inter-
preted as discussed above) suggest the existence of a lung inter-
mediate for alveolar M also during inflammation. We therefore
suggest the kinetics of both monocyte differentiation into lung Md
and the migration of the latier to the alveolar space to accelerate
under inflammation. {1 thus remains possible that the differeatia-
tion of alveolar M< under inflammmation also requires a lung M
intermediate.

The irradiation protocol used for the depletion of host BM may
also affect the kinetic of alveolar M differentiation from blood
monocyte., In this respect, it is of note that different irradiation
protocols before BM transfer resulied in distinet alveolar M® re-
constitution kinetics (11, 13-15). Because irradiation primarily af-
fects dividing celis, proliferating alveolar M might become sen-
sitive 1o irradiation. Therefore, the wmover of alveolar Md: can be
promoted by the stress caused by tissue damage (49), by a direct
effect on pulmonary M (13), or by a combination of the two.

One of the serious side effects of BM transplantation in humans
is the increased suscepiibility of paticnis to pulmonary infections
(17, 18). It has been proposed that in addition 10 their lower num-
ber, alveolar M& of BM transplantation patients might be fune-
tionally impaired and therefore less reaciive (37). The proiiferative
capacity of both lung parenchymal and alveolar Md» might make
both these cell types sensitive to irradiation. This can affect both
the functionality of alveolar M and the size of their reservoir in
the lung parenchyma, reducing their capacity to efficiently combat
pathogens. The indirect route from monocytes to alveolar Md»
might resuit in a delayed replacement of damaged alveolar M@
with new and unaffected cells, maintaining the patient susceptibil-
ity to pathogen. Therefore, our resulls suggest that a strategy aim-
ing at the active depletion of pulmonary Md& might wrigger an
advantageous renewal from donor BM-derived menocytes, and
could poientially reduce the period of patient vulnerability to pul-
monary pathogens.
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Transepithelial Pathogen Uptake into the Small Intestinal
Lamina Propria’

Alexandra Vallon-Eberhard,>*! Limor Landsman,** Nir Yogev,* Bernard Verrier,” and
Steffen Jung™*

The lamina propria that underlies and stabilizes the gut lining epithelium is densely populated with strategically located mono-
nuciear phagocytes. Coilectively, these lamina propria macrophages and dendritic cells (DC} are believed to be crucial for tissue
hoemeostasis as well as the innate and adaptive host defense. Lamina propria DC were recently shown to gain direct access to the
intestinal lumen by virtue of epithelium-penetrating dendrites. However, the role of these structures in pathogen uptake remains
under debate. In this study, we report that entry of a noninvasive model pathogen (Aspergilius fumigatus conidia) into the murine
small intestinal lnmina propria persists in the absence of either transepitheliai dendrites or lamina propria DC and macrophages.
Our results suggest the existence of multiple pathogen entry pathways and point at the importance of villus M cells in the uptake
of gut Iumen Ags. Interestingly, transepithelial dendrites seem altogether absent from the small intestine of BALB/c mice sug-
gesting that the function of lamina propria DC extensions resides in their potential selectivity for luminal Ags, rather than in

general uptake or gut homeostasis. The Journal of Immunology, 2006, 176: 2465-2469.

he surface of the gastrointestinal tract must protect the

organism from harmful microorganisms while retaining

permeability for nutrient absorption. The gut lumen-lining
epithelium forms an efficient physical barrier. Exposure of the host
to bacterial symbionts, commensals, and pathogens is further pre-
vented through a number of nonspecific innate defense mecha-
nisms. Local mucus production and a thick glycocalix reduce di-
rect contact of the epithelium with the gut microflora and form a
highly degradative microenvironment. Protection is also upheld
through steady-state secretion of a broad spectrum of antimicrobial
agents, such as a-defensins and secretory IgA Abs {1). Intestinal
hemeostasis is established ard shaped by controlied host interac-
tion with the commensal microflora through pathways allowing
sensing and sampling of the gut content (2). The latter are likely to
be also of crucial importance for immune protection against po-
tential pathogens,

The luminal surface of the gut is Hned with polarized, columnar
epithelial cells. Joined by tight junctions dividing the apical and
basolateral domains of neighboring cells, this single-cell layer re-
stricts particle entry. Besides this barrier function, epithelial cells
are actively involved in sensing of the gut microflora as indicated
by prominent expression of membrane-bound and cytoplasmic
“surveillance” proteins of the TLR and NOD/caspase recruitment
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domain seperfamily (3). Triggering of these sensors poteniially
results in secretion of effector molecules and basolateral display of
recepior ligands, such as CX,CL1, thereby transducing informa-
tion to underlying lamina propria cells {4, 5). Surveillance of the
gut content is further supported by a distinciive type of epithelial
cell, the so-calied M cell, that fenestrates the epithelial layer and is
specialized in transepithelial uptake of particulate and soluble mol-
ecules. M cell formation was reported to depend on lymphoepi-
thelial cross-talk (6} and M cells are believed 1o remain intimately
associated with the mucosal-associated lymphoid tissue. Accord-
ingly, they were reported to be restricted to follicle-associated ep-
ithelium that colocalize with unique small intestinal lymphoid
structures, the Peyer's patches. More recently, however, M cells
were shows to be more widely distributed in the small intestine
(7). suggesting extended exposure of the epithelium underlying
lamina propria to the luminal content. A third mechanism that
potentially enables immunosurveiliance of the intestinal content is
based on a cellular component of the immune system itself, the
dendritic cells (DC).* These cells constitute a major celular com-
ponent of the intestinal lamina propria and have been shown to
penetrate epithelial tight junctions by virtue of extended dendrites
(8). The epithelial barrier integrity is retained through expression
of tight junction proteins by the lamina propria DC (IpDC) (8).
Transgenic mice harboring green fluorescent 1pDC (CX,CR1%P
mice} allowed us recently to demonstrate the existence of trans-
epithelial dendrites in live intestinal tissue (4). Although these ex-
lensions enable IpDC to sense the content of the intestinal lumes,
their role in pathogen uptake remains under debate.

In this siudy, we report lamina propria entry of a noninvasive
particulate pathogen, ie., conidia of the fungus Aspergillus fu-
migatus, in the absence of iransepithelial dendrites. Furthermore,
we show that pathogen epiake persisis after conditional in situ
depletion of all lamina propria menonuciear phagocytes, including

¥ Abbreviations used in this paper: DO, dendsitic celi; 1pDC, Jamina propria DC;
Ighih, laminz propria macrophape; FKN, fractalkine; UEA, Ulex europacus apglu-
tinin; DTR, diphtheria texin receptor; DTx, diphtherin toxin; sPLA,, Ssecretory group
I phospholipase A2 gene.
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CD1icTCX,CR1Y DCs (IpDC) and CD11e"CX,CRI™ macro-
phages (IpM ). Together with the observation that transepithelial
ipDC extensions seem absent from the small intestine of BALB/e
mice, these findings argue against a general roe of transepithelial
dendrites in the maintenance of intestinal homeostasis, but suggest
the existence of multiple pathogen entry routes.

Materials and Methods
Mice

This study invoived the use of CDI1lc-diphtheria toxin recepior (DTR)
iransgenic  mice {B6.FVB-Tg(ligax-DTR/GFP)57Lan/T)  (9) and
CX,CRiS™ mice (10). CS7BL/6 and BALB/c mice carrying the
CX,CRIF alicle were backcrossed =10 pencrations on the respective
background. All mice were maintained under specific pathogen-free con-
ditions and handled under protocols approved by The Weizmann Institute
Animal Care Commiliee according to international guidelines.

Transformation of Aspergillus fumigatus and conidia isolation

A. fumigams conidia {strain CBS 144.89) were provided by 1.-P. Laigé
(Aspergillus Unit, Pasteur Instiwste, Paris, France). Transformation was
performed by electroporation using inflated spores. Briefly, conidia were
incubated in yeast extract glucose 1% medium for 4 h at 37°C, washed,
resuspended in yeast extract glucose % HEPES 20 mM (pH 8), and in-
cubated for 1 h at 30°C. After centrifugation, spores were resuspended in
electroporation buffer (10 mM Teis (pH 7.3), 270 mM sucrose, 1 mM
Jithium acetate). Plasmids (pANT-1, pPgpd-DsRed) harboring 2 fivgB re-
sistance gene and DsRed gene, respectively (11) (provided by 1.
Mikkelsen, The Royal Veterinary and Agricultural University, Frederiks-
berg, Denmark) were added and electroporation was carried according the
following conditions: 1 KV, 400 e, 25 pF, in 2 0.2-mm cuveue. Trans-
formed spores were incubated for 15 min on ice in 1 ml of yeast extract
atucose 1% medium, plated in minimum medium supplemented with, 200
pgfml hygromycin B (Invitrogen Life Technologies) and incubated m
room temperature, For monosporic isolation, A. fumigans spores were
plated in sterifized water/Tween 20 0.1% at & final concentration of 10
spores/ 100 g1 on malt agar 2% plates overlaid with 200 pe/ml hygromycin
B. Single colonies were transferred to 2 new plate to allow production of
conidia during Iwk at room temperature. The conidia stock was kept in
sterife water a1 4°C.

Isolation of small intestinal mononuclear phagocytes

Isolation of lamina propria cctls was performed as previously described (4)
with modifications. Briefly, following isolation from Rag ™/ ~CX,CR1%/*+
mice, srall intestine was inveried on a polyethylene tube (diameter 2.08
mm), incubated with RPMI 1640 for 30 min at 37°C to loosen the epithe-
tium, washed, and treated with 1 mM DTT (8igma-Aldrich} for 10 min a1
room temperature. Afier a wash, tissue was incubated twice with EDTA 30
mM for 10 min at room temperasure, washed, and digested with 36 U/ml
collagenase TV (Sigma-Aldrich) and 2000 U/m! DNase | {Roche} in PR3
for 1 h at 37°C, The digesied tissue was then sheared by repeated pipetting
10 release the lamina propria cells. The resulting celi suspension was passed
through a mesh (70-pm nylon) and analyzed.

Pathogen uptake assay

Mice were sacrificed and 2- to 3-cm sections spanning the small intestinal
terminal tleum were cut out, lipated at both ends, and placed in a petri dish.
Pathogens were injected with a syringe imo the loop and incubated for 10
min a1 37°C in RPME 1640, The loop was subsequently opened at both ends
and extensively washed with PBS. This swdy involved two pathogens:
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DsRed-transformed A, fimmigatus conidia and Salmenella 1yphimuriion
strain C5093 (provided by A. Porpador, Ben Gurion University, Beer
Sheva, Isracl). Conidia were added a¢ a fimal concentration of 107
conidia/ml and 2 X 10% §. ryphipaeriwn bacterin/ml. Bacteria were used in
their hate Jogarithmic phase of growth, by diluting a colony in Luria broth
containing 0.3 M NaC} and incubating overnight at 37°C.

FACS analysis

Fluorochrome-labeied mAbs were purchased from BD Pharmingen or
eBioscience and used according 10 the manufacturer’s protocols. CX,CR1
staining was performed as previously described using an fractalkine
(FKN)-Fe fusion protein (provided by Millennium Biotherapeutics) (103
Cells were anajyzed on a FACSCalibur cytometer {BD Bioscieaces) using
CellQuest software (BD Biosciences).

Staining and microscopy of the small intestinal miicosa

After pathogen or mock chattenge, ligated small inlestinal loops were
opened at their end, intensively fushed with PBS, epened by longitudinal
incision, and tinsed again. For M cell staining, the cut tissue was fixed in
4% parzformaidehyde for 1 h on ice, incubated with biotin-conjugated
anti-Uex enrepaens agglutinin (UEA-I; Vector Laboratories} at 20 pg/ml
for 2 h on ice followed by staining with streptavidin-allophycocyanin. Liv-
ing tissues were imaged with a Zeiss Axioskop 1f florescent microscope
for three-color imaging, Image acquisition was conducied with Simple PCE
software,

Results
The murine small intestinal lamina propria harbors twe distinct
mononuclear phagocyte populations

To characierize the mononuclear phagocyte content of the murine
small intestinal lamina propria, we isolated tissue samples from the
small bowel, prepared single-cell suspensions, and analyzed them
by flow cytometry. Taking advantage of a mouse strain that har-
bors a targeted replacement of the gene encoding the chemokine
receptor CX,CR1 by a reporter gene encoding GFP (10}, we pre-
viously showed that the murine intestine harbors a distinct popu-
fation of CD11c™CD1iib™ DC that expresses CX;CRI (4). Flow
cytometric andlysis of unfractioned small intestinal single-cell sus-
pensions revealed the presence of additional CDElc™ mononu-
clear phagocytes that lack CX;CR1 expression (Fig. 1). The two
CD1lc™ populations differ with respect to maturation and activa-
tion markers, such as CD80, MHC class II, and the integrin
CD11b, which show higher expression levels on the CX,CRI1-
expressing cells. CX,CR1™ 1pDC are further characterized by ex-
pression of the DC marker 33D} (12) and high level expression of
the ag, integrin CD103, recently reported for rat intestinal DC
(13). The classical macrophage marker F4/80 (14) did not consis-
tently discriminate between the two populations (data not shown).
However, absence of CD14, the primary receptor for LPS, on the
CX;CR1-negative CD1ic™ cell population suggests that these
celis correspond 1o a population of IpMd. as described by
Smythies et al. {15) for the human intestine. Interestingly, this
mononuclear phagocyte dichotomy seems to be a characteristic
general feature of the lamina propria because CD1l1c™ lung mono-
nuclear phagocytes can also be discriminated on the basis of
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FIGURE 1. Phenotyplc dichotomy of lamina propria mononuclear phagocyses. Isolzted small intestinal lamina propria cells of Rag™" CX,CR177*
mice were siained with Abs for CD1lc and one of the indicated surface markers. CX,CR1 was stained with FIKN-Fe, Expression of surface markers of
gated populations is shown in the right histograms. Gray-filled histograms: CD1ic™ CX,CRUGFP™ celis (IpM4) (Gate R1). open histograms: CD le™

CX,CRUGEP* (IpDC) {Gate R2).



The Joumnal of Immunology

CD11b and CX;CRI expression (16, 17) (L. Landsman. unpub-
lished observation). Accordingly. we propose 1o refer to the
CDILe*CDLh*CX,CRI™Y  population as 1pDC  and  the
CDIc™CDIIbTCX,CRIET cells as IpMdé. Proximal and distal
sections of the small intestine vary considerably in the microbial
load. However, we did not observe significant differences between
lamina propria cells isolated from the duodenum/jejunum and ter-
minal ileurn. for the markers analyzed (data not shown),

Neither ransepithelial dendrites nor CDLIc" laming propria
cells are required for quantitative pathogen uptake

C37BLI6 CX,CRIFFP mice allow the in sitn dewction of trans-
epithelial dendrites in intact intestinal tssue (4}, The later allow
strategically located 1pDC 1o sense the content of the inlestinal
lumen. Supporting their role in immunosarveillance, 1pDC exten-
sions are restricted 1o the terminal iloum {4). a region characterized
by increased bacterial load. a unique microflora as well as acti-
vated epithelivm and lamina propria, suggesling constant exposure
to bacterial stimuli {4, 18, 19). Furthermore., formation of trans-
epithelal dendrites can be induced by challenge of intestinal villi
with commensal and enteropathogenic bacieria (4). However, a
direct role of 1pDC and trans-epithelial dendrites in pathogen sam-
pling, as originatly suggested by Rescigno et al. (20) remains con-
roversial (21, 22), Chailenging the general accessibility of the
lamina propria. Macpherson and Uhr {23) failed to detect bacteria-
harboring 1pDC afler gavage with GFP-expressing Escherichia
coli. In contrast, we reported that orally administered invasive §.
nphinmerium entered the Iamina propria even in absence of trans-
epithelial dendrites. while enwry of a noninvasive Salmonella mu-
tant to the lamina propria was CX,CR i-dependent (4). To directly
study dendrite/pathogen interactions a1 the intestinal surface, we
investigated the potential of the noninvasive fungal pathogen. As-
pergillus fiumigars. to induce transepithelial dendrites and enter
the lamina propria, Both Aspergilins hyphae and conidia have been
reported to interact with DC involving receplors of the IL-1R/TLR
superfamily and C-type lectins (24, 25). To visualize the pathogen,
we generated red fluorescent conidia by transforming A. fumiganes
with an expression vector encoding DsRed protein (F1). Using an
ex vive-ligated loop system that atlows controlled pathogen expo-
sure of intact lissue, we challenged intestinal villi of C57BL/6
CX,CRIF™* mice with DsRed-gxpressing conidia. Aspergillus

TFIGURE 2. Pathogen entry into smadl intestinal lam-
ina propria. Flaorescent microscopic analysis of DsRed-
wunsduced Aspergiiluy conidia challenged villi of
C57BLM6:CX,CR1SFY mice (green, IpDC; red, conidia;
diameter 23 pm); original magnification, X40). 4, Un-
challenged  CX,CRISTF™ villus; B-D, Aspergitius
conidia-chaticnged CX,CRI™ villi {note conidia in
lumina} globular strecture (+ s D) E, CX,CR|FFPEFP
C57BL6 mouse; and F, DTx-treated, ipDC and ipMd-
depleted CDE Le-DTR: CX,CR1%7"* CITBL/6 mouse.
G, UEA-1* M cells in the villus epithelium; H and H',
colecalization of Aspergifius conidia with UEA-1Y M
cells on villi of CX,CRE™ mice.

2467

conidiz readily induced the formation of transepithelial dendrites
{Fig. 28). Individual villi harbored extensions with previously re-
poried globular endings (4) and extensions lacking the latter, As-
pergillus conidia entered the CX;CR1¥™* laming propria. where
they seemed largely confined 1o GFP-expressing cells in the tip of
the villi. Furthermore. we found transepithelial dendrites and glob-
ular structures to be associated with the conidia outside the epi-
thetial cell layer (Fig. 2, C and D). suggesting their direct involve-
ment in pathogen uptake. To further investigate this issue. we
exposed conidia 1o villi of CX;CR177S* mice that fack ipDC
extensions (4). As shown in Fig. 2E, CX;CR1 deficiency did not
impair pathogen entry as indicated by the abundance of noninva-
sive  Aspergillus  conidia in  the lamina proprin of
CX,CR1FFPEFE mice,

Only a {raction of the CD1lc* mononucicar phagocytes in the
intestinal famina propria expresses CX,CRE (Fig. 1) and is hence
visible in CX;CR19FF mice. The above experiments thus do not
exclude an involvement of CX,CRI-negative lamina propria
CD1le™ cells (IpMd) in pathogen uptake. Therefore, we investi-
gated the uptake in a situation where all CDHe* mononuclear
phagocytes are missing from the famina propria. To this end, we
took advantage of an animal medel that allows the diphtheria toxin
{DTx)-induced ablation of CD1ic™# cells in the intact organism
(9. To visualize pDC, the DTR transgene was cressed on the
CX,CR19F backeround. Histological and fow cytometric anal-
ysis confirmed the rapid depletion of all CDHic"MHC II" from
the small intestine of toxin-treated CX,CR1%: CDile-DTR 1g
mice (Fig. 3). We then prepared lgated intestinal toops from DTx-
treated mice amd chalienged them with Aspergilluy conidia. As
scen in Fig. 2F, conidia uptake by the villi persisted in the absence
of CD1le™ lumina propria cells,

Taken together, there is unimpatred entry of our particulate
model pathogen into the lamina propria of CX3CR 1 -deficient mice
and mice depleted of both IpDC and IpMd. This suggests that
transepithelial dendrites do not significantly contribute to quanti-
lative gut content sampling, which is likely to proceed via alter-
native rouies. Kiyono and coworkers {7} recently reported the ex-
istence of intestinal villus M cells that like Peyer’s patch M cells
can be identified on the basis of their display of {1-2)}-fucose de-
tected by UEA-L. Confirming these results, we could visualize
numerous UEA-17 cells oa villi of the terminal lcum of C37BL/6
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MHC |

FIGURE 3. Conditional ablation of CD11c™ lamina propriz mononu-
ciear phagocyles. A, Histological anatysis of terminal ileum of DTx-treated
(lefy and vntreated (righty CX,CRISF*:CD11e-DTR transgenic mice
24 b after ip. toxin injection (original magnification, X10). B, Flow cy-
tometric analysis of lamina propria celis of DTx-treated (feff) and unireated
(right) CD11c-DTR mice. Cells were stained with PE-conjugated anti-
MHCII (1-A®) and allophycocyanin-conjugated anti-CD1le Abs. Nowe
quantitative ablation of all CD11c™™® cells, including 1pMd and 1pDC.

MHC It

CX,CR19** mice (Fig. 2G). Furthermore, analysis of pathogen-
chalienged ligated loops revealed conidia clusters in the epidermal
fayer that coincided with the M cell staining (Fig. 2, A and H").
These results support the notion that intestinal villus M celis are a
major eniry route for particulate pathogens to the lamina propria.

Transepithelial dendrite formation of CX;CRI™ IpDC is mouse
strain dependent

Absence of 1pDC extensions in CX,CRi-deficient mice
{CX,CRIFMOFPy (4) indicates a critical role of the CX;CR1 che-
mokine receptor and its membrane-tethered ligand CX,CLI
(FKN) in the penetration of the epithelial barrier. To test the gen-
eral validity of this observation, we investigated the distribution of
transepithelial extensions in another inbred mouse strain. Surpris-
ingly, heterozygous mutant CX,CR1977* BALB/c mice lacked
transepithelial dendrites in the terminal ileum both in steady state
and after exposure to pathogens (Aspergillus conidia, Salmonella)
(Fig. 4 and data not shown). GFP* 1pDC of CX,CR1%/*
BALB/c mice express surface CX;CR1 (data not shown). Forther-
more, transepithelial dendrites are formed in F; hybrid
CX,CRICF™* mice that inherited their wild-type CX,CRI ailele
from the BALB/c and the mutant, CX,CR1%%7 allele from the
C57BL/6 parent (Fig. 4). The BALB/c allele thus encodes a func-
tioning CX,CR1 receptor capable of promoting dendrite forma-

FIGURE 4, Absence of transcpitheiial dendrites in CX,CRIS™*
BALB/c mice. Fluorescent microscopic analysis of Salmonella-challenged
small  imestinal  villi of CX,CRIS™SFT C578L/6 mouse (A),
CX,CRI9F+ BALB/c mouse (B), and unchallenged CX,CRIZ7* F
(C57TBLI6 % BALB/c) mouse (C).
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tion. Absence of transepithelial dendrites in BALB/c mice is thus
a recessive phenotype not linked to the CX;CR1 locus but events
upstream or downstream of CX3CR] action.

The impact of the genetic background on the exisience of trans-
epithelial dendrites raised the question of whether their absence in
C57BL/6 CX,CRIFF¥CFF mice is indeed due to lack of the
CX4CR1 receptor, as we previously proposed (4). Alternatively,
the phenotype of the C57BL/& CX,CR1-deficient mice could re-
sult from homozygosity of the chromosomal region {chromosome
no. 9) flanking the CX,;CR1 9°F allele, which is derived from
129/sv mice (10). To this end, we tested whether transepithelial
dendrites are present in mice homozygous for the respective chro-
mosome or its subregion, e, F, hybrid mice resulting from the
foliowing crosses: CX,CR1S7V9% Bs x  129/8v and
CX,CRIPFFOFF g6 x CCR2 ™'~ B6 (the CCR2 locus is adjacent
to the CX;CR1 locus and CCR2 mutant mice were generated using
the same 12%/sv ES cells as the CX,CR1 mutation (10, 26)). In
both hybrid strains, we observed transepithelial dendrites upon
bacieria challenge (data not shown) confirming our original inter-
pretation that the absence of transepithelial dendrites in C57B1/6
CX,CRICPFOFP mice is due to their lack of the chemokine re-
ceptor CX,CR1. However, absence of IpDC cxiensiens in
CX,CRISF#* BALB/c mice suggests control of their formation
by multiple genetic factors.

Discussion
Studies in the rat have established that IpDC sample enteric Ags
and apoptotic epithelial cells in the lamina propria transiocate to
the mesenteric nodes and present their cargo to lymphocytes (27}
The observation that IpDC can penetrate the epithelial tight junc-
tion barrier (8) thus led to speculations that besides Peyer's patch-
associated M cells, 1pDC might be a major route of luminal Ag
transport to famina propria-draining lymph nodes. Such a scenario
would be of critical importaace for our understanding of immu-
nosurveillance and pathogen invasion. In the present study, we
focus on the most proximal step of this cascade of events, ie,
pathogen entry into the Jamina propria. Using hosts that either lack
small intestinal transepithelial dendrites (CX;CRIZ™E mice;
Ref. 4) or were depleted of IpDC (DTx-treated CD1 ic-DTR trans-
genic mice (9)) we show that entry of fungal conidia by in farge
relies on an alternative uplake route. These results suggest that
1pDC extensions arc dispensable for quantitative sampling of Tu-
minal Ags, which are readily accessible to the lamina propria
through intestinal villus M cells (7). The study of CX,CRIF*
BALB/c mice revealed that IpDC of this inbred mouse strain seem
unable to form transepithelial dendrites. BALB/e and C57BL/6
mice differ in the kinetics of postnatal formation of isolated lym-
phoid follicles and cryptopatches (27). In addition, Kennedy et al.
(28} reported that C57B1/6 mice harbor a natural disruption of the
secretary group 11 phospholipase A2 gene (SPLA,). Murine intes-
tinal sSPLA, has bactericidal activity (29) and the observed high
expression of sPLA; in the intestine of BALB/c mice (28) might
therefore affect the intestinal microflora, Furthermore, old BALB/c
harbor more IgA™* B cells in their lamina propria than C57BL/6
mice and have elevated IgA titers in fecal extracts (30). However,
it remains to be shown whether and how these facts are related to
differences in transepithelial dendrite formation. Differential 1pDC
access (o the intestinal lumen is likely to comtribuie to the well-
established observation that inbred mouse strains vary significantly
in their susceptibility to pathogen infection knowa to be under
mono- or multigenic control (31).

Absence of transepithclial dendrites in CXCR1GFF/EHP
C57BL/6 and CX,CR1%FP* BALB/c mice impairs neither intes-
tinal homeostasis, nor pathogen entry to the laming propria, This
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sindy thus seems to argue against the importance of these struc-
tures in intestinal pathogen uptake. However, 1pDC extensions are
likely decorated with DC-restricted pathogen receptors (for a re-
cent review, see Ref, 32). Unlike the M cell route, the IpDC path-
way might therefore allow for specific sensing and sampling of the
intestinal lumen. Such a notion is also supported by our observa-
tion that some ipDC dendrites form upon epithefial penetration
globular structures, i.e., an extended matrix for interaction with the
qut content (4) (Fig. 2). The IpDC route could be an atiractive
target for the development of vaccination strategies. Furthermore,
it could constitute a critical invasion path of pathogens targeting
DC, such as HIV (33). However, a definitive answer on this topic
will have 1o awail experimental evidence showing 1pDC-depen-
dent eatry of specific pathogens or Ag uptake by the transepithelial
1pDC processes, migration of Ag-loaded IpDC 1o lymphoid organs,
and activation of naive T ceils.
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Abstract

CX3CR1 is a chemokine receptor with a single ligand, the membrane-tethered
chemokine CXsCL1 (Fractalkine), whose in vivo function remains elusive. All blood
monocytes express CXaCR1, but the receptor levels differ between the main two
subsets, with human CD16" and murine Ly6C/ Gr1™ monocytes being CXsCR1™.
Here we show that absence of either CXaCR1 or CX3CL1 resulted in a significant
reduction of Gr1°¥ blood monacyte levels. Introduction of a bel2 transgene restored
this phenotype suggesting that the CX3C axis provides an essential survival signal.
Supporting this notion, CX3CL1 specifically rescued cultured human monocytes from
serum-deprivation induced cell death. CX3CR1 was suggested to be involved in
atherosclerosis, as human CXzCR1 polymorphisms and murine CX3;CR1 deficiency
protect from this disease. Here we show that enforced survival of monocytes and
foam cells, a macrophage population unigue to athersclerotic plagues, restored
atherogenesis in CXsCR1-deficient mice. Our results therefore suggest that CX3CL1-
CX3CR1 interactions provide an essential survival signal in whose absence
increased death of monocytes and/or foam cells prevents disease progression. To
conclude, we provide in vivo and in vitro evidence for the role of the CX3C module in

cell survival and offer a mechanistic explanation for its involvement in atherogenesis.

[ 3]



Introduction

Chemokines are a family of chemotactic cytokines that activate specific G-protein-
coupled 7-transmembrane receptors (1) and been categorized into C, CC, CXC, and
CX3C families. CX3CL.1, also known as Fractalkine, is the only known CX5C
chemokine (1-3). Its expression has been reported for activated vascular endothelial
cells (3), neurons (4), epithelial cells (5, 6), smooth muscle cells (7), dendritic cells
(DC) (8) and macrophages (9). The single known CX3CL1 receptor, CX3CR1 (10), is
expressed by T and NK cell subsets (10, 11), brain microglia (4, 12, 13), DC subsets
(13-15) as well as blood monocytes (10, 13).

Classical small-molecular-weight chemokines are secreted proteins that are
considered to form gradients by binding to extra cellular matrix proteoglycans. In
contrast, CX3CL1 is synthesized as a transmembrane protein with its chemokine
domain presented on an extended mucin-like stalk (2, 3). In this form, CX3CL1
promotes tight, integrin-independent adhesion of CXaCR1-expressing leukocytes (7,
16). In addition, constitutive and inducible cleavage by metalloproteases can result in
release of a soluble CX3CL1 entity from the cell membrane (17-19). CX3CL1 thus
potentially acts as adhesion molecule and chemoattractant, albeit the importance of
these activities for the physiological role of CX3CL1 remains to be determined.
Engagement of CX3CR1 by its ligand triggers the PI3K/Akt signaling pathway in cell
lines and cultured brain microglia, resulting in cell survival and proliferation (20-23).
The significance of this activity for the in vivo role of the “CXaC chemokine system
remains however to be determined.

Interestingly, human CX3CR1 gene polymorphisms were shown to be genetic
risk factors for coronary artery diseases and atherosclerosis (24, 25). Furthermore,
mice deficient for either CX3CR1 or CX3CL1 display a relative resistance to

atherosclerosis development in the respective murine disease models (26-28). In



addition to ameliorated atherogenesis, CXzCR1 KO mice dispiay reduced cardiac
allograft rejection (29). Furthermore, we have shown that their intestinal lamina
- propria DC lack trans-epithelial dendrite formation (14, 30). Importantly, the
mechanistic explanations for all these phenotypes remain to be elucidated.

Monocytes are mononuclear phagocytes that are generated in the BM and
released to the bloodstream (31, 32). From there they enter peripheral tissues,
where they can give rise to macrophages and DC (15, 31-34). Undifferentiated
monocyies represent a short-lived transitional state, with an estimated circulation
half-life of ~71 hours in human (35) and ~17 hours in mice (31, 36). Monocytes are
heterogeneous and can be divided into at least two main subpopulations (37), with
human monocytes comprise a CD14™ and a CD14"CD16" subset (38). Murine
monocytes have been divided into Gr1™ (LyBC™) and Gr1™¥ (Ly6C"") monocyte
subsets, which are functionaliy distinct; both with respect to their migration ability and
differentiation potential (15, 34). All monocytes express CX3CR1. The two subsets
are however characterized by distinct surface levels, with human CD14"CD16" and
murine Gr1® monocyte subsets displaying significantly higher CX;CR1 amounts
(34). The role of this prominent CXaCR1 expression for monocyte physiology
remains unknown, although our original studies suggested that CX3sCR1-CXaClA
interactions might control monocyte levels (34) and others have suggested a role for
CX3CR1 in monocyte migration (39, 40).

Here we investigated the role of CX3CL1-CX3CR1 interaction on bicod
monocyte populations using mutant mice, as well as human blood monocyte
isolates. We show that mice deficient for either CX3CR1 or CX3CL1 display a specific

1 low

reduction in the frequency of circulating blood Gr1"°" monocytes, whereas Gr1™

monocytes remain unaffected. Using forced Bcl2 expression, we provide genetic

1 Tow

evidence that the decrease of Gr1™" monocytes results from enhanced cell death,



The protective CXsC signal is direct and evolutionary conserved, as addition of
soluble CX3CL1 inhibits the serum deprivation-induced cell death of culiured human
monaocytes. Finally, we show that the absence of the CX3C signal, resulting in
impaired cell survival of monocytes or macrophages, is likely to explain the reported

atherogenesis resistance of CX3CR1 and CX;CL1-deficient mice.

Results
Absence of CX;CR1-CX3Cl.1 interactions results in a specific reduction of
Gri"™CX;CR1" blood monocytes.
To study the physiological role of CX3CR1 we took advantage of knock-in mice that
carry a targeted replacement of the cxscr? gene by a gene encoding green
fluorescent protein (GFP) (13). Mice heterozygote for this mutation {cxser 9%
express both CX3CR1 and GFP, whereas homozygote mutant mice {cxscr79®e®)
express GFP under the control of the CX3CR1 promoter, but lack CX3;CRA1
expression. All circulating blood monocytes - as defined by expression of CD115
(MCSF receptor) express CXsCR1 and are therefore GFP-positive in cxscr?9® mice
(13). In order to study the role of CX3CR1 expression on monocytes, we analyzed
leukocytes of wt and cxscr19PP mice. The comparative analysis revealed a slight,
but consistent and significant reduction of the absolute number of monocytes in the
absence of CX3CR1 (Fig. 1B), also reflected in their reduced percentage among total
non-granular white blood cells (ngWBC) (Fig. 1C). Blood monocyte levels of
heterozygote mutant mice were comparable to wt mice (Fig. 1C).

Murine blood monocyte subsets differ in their level of CXaCR1 surface
expression with Gr1™ monocytes expressing intermediate levels of CXsCR1 and

Gr1°" monocytes being CX;CR1" (34). A subset specific monocyte analysis



revealed that Gr1™ monocyte levels remained unaffected by the CXsCR1 deficiency
(Fig. 1, B and C). In contrast, Gr1™" monocytes of CX;CR1 KO mice were found to
be 3-fold reduced, as compared to wt and cxscr1®®* mice (Fig. 1, B and C).

To avoid indirect effects on these quantifications due to potential CXaCR1
requirement by other CXsCR1-expressing cell (such as NK and T cells (10, 11, 13)),

we plotted the fraction of Gr1"™

monocytes among the total monocyte population in
individual mice (Gr1™CD115" cells out of total CD115 cells). While in wt and
cxscr19™* mice, approximately one third of the blood monocytes are Gr1'®, in
ex;cr19™8® mice the latter comprise only 15% of the total monocyte population
(Figure 1C"). This way of presentation is used throughout the remainder of this study.

Mice deficient for CX3CL1, the single known CX3aCR1 ligand (3, 10) display a
reduction of their F4/80” blood monocyte population, as compared to wt littermates
(41). We therefore next tested whether also the cxscl1” phenotype is restricted to the
Gr1°"CX;CR1™ monocyte subset. Indeed, cxscr1®®9® and cxsc/?” mice showed
similar fractions of Gr1™* monocytes (Fig. 2A), which were significantly lower than in
wt controls (Fig. 1E).

To conclude, absence of either CX3;CR1 or CX3CL1 results in a specific

reduction in the level of circulating Gr1'¥ blood monocytes.

Normal Gr1'°* monocytes levels require intrinsic CX;CR1 expression

The observed Gr1°¥ monocyte reduction could result from a systemic defect in
CXsCR1 and CX;CL1-deficient mice. Alternatively, it could be a direct outcome of
the absence of the receptor on Gr1® monocytes. To distinguish between these
options, we generated mixed BM chimeras by reconstituting lethally irradiated wt
mice with a 1:1 mixture of wt and cxscr19%'"" BM cells. Eight weeks after transfer, the

recipients’ biood contained both GFP-positive (cxzcr1®™¥®) and GFP-negative (wt)



monocytes, allowing the comparison of cells of distinct genetic background
(exscr1™™; exscr19™9%) in the same environment. As shown in figure 2A, when
compared to their wt counterpart, the level of CX;CR1-deficient Gr1'®" monocytes
was 3-fold reduced. Next, we transferred wt and cxscr19"9% BM celis into irradiated
exscl1" and wt recipients. The analysis of the resulting mixed BM chimeras revealed
that in absence of CXsCL1, wt Gr1™® monocyte levels were significantly reduced,
when compared to [wt > wi] chimeras and were similar to [cxscr1¥%® > wt] mice
(Fig. 2B). To conclude, our results indicate that the reduction of Grt*®” monocytes in
cx3cr18®9 mice is a direct result of a monocyte-intrinsic CXsCR1 requirement,
whereas non-hematopoietic cells, presumably endothelial cells, serve as the source

of CX3CL1.

Gr1'°¥ monocytes require CX;CR1 expression for their survival

1'% monocyte decrease in the absence of

We next investigated the cause for the Gr
CX3CL1-CX3CR1 interactions. The reduction could result from impaired monocyte
generation or increased cell death. Alternatively, absence of CX3CR1 could impair
monocyte egress from the BM fo the bloodstream, as recently reported for another
chemokine receptor, CCR2 (42). When comparing cxscr19®® 1o their cxacr19”

1" monocyte levels (Fig 2C).

littermates, we could not detect a change in BM Gr
This indicates that CXaCR1 is not required for BM egress of monocytes and implies
unimpaired monocyte production.

The adoptive co-transfer of wt and CXsCR1-deficient Gr1®™ monocytes allows
the comparison of monocyte fates bypassing differences in monocyte production.
We previously reported such co-transfers, two days after which we analyzed the

recipients for the presence of grafted cells. We observed a 2.5-fold reduction in the

level of retrieved grafted cxscr1¥®9® monocytes as compared to co-transferred



cxzcr19* monocytes in recipient's blood and peripheral organs (34). The overall
reduction in the level of grafted cxscr197#" monocytes suggested impaired survival.
To directly address increased monocyte apoptosis as the cause of the
CX3CR1 KO phenotype, we took advantage of a transgenic mice, which carry a
human gene encoding the anti-apoptotic Bcl2 factor under the control of the
neutrophil- and monocyte-specific MRP8 promotor (hMRP8bci2 mice (43)). As
expected, enforced Bcl2 expression resulted in an increase of blood monocyte levels
((43) and supp.1). Interestingly, although intra-cellular staining for human Bcl2
revealed that both monocyte subsets express the transgene at similar levels, the

1 low

observed increment was significantly more pronounced for the Gr1™" subset as
compared to Gr1"™ monocytes (supp. Fig.1). This might indicate Gr1™ monocyte are
more prone to die as compared to Gr1 " monocytes.

In order to study the influence of enforced Bcl2 expression on the CX3CR1
KO phenotype, we generated double transgenic cxscr1¥*#":hMRP8bc/2 and
exscr1¥P™ - hMRP6bc/2 mice. Interestingly, the analysis of the blood of these mice
revealed that bci2 transgenic CXsCR1 KO mice displayed Gr1"®" monocyte levels
comparable to bci2 transgenic cxscr19"™ mice, comprising about 70% of their
respective total blood monocytes (Fig. 2D). This was in contrast to the significant
reduction in monocyte levels observed in non-transgenic cxscr1¥”%® mice (Fig. 2D
and 1C"). Hence, enforced monocyte survival restores Gr1'* cell numbers of
CX3CR1-deficient mice to the levels observed in CX3CR1-proficient mice, thus
rescuing their phenotype.

To conclude, our results suggest that the specific reduction of Gr1'"

monocytes in cxscr19PP mice is due to their impaired survival, indicating an anti-

apoptotic role for CX3CR1-CX3CL1 interaction in vivo.



CX3CL1 has an anti-apoptotic effect on human blood monocytes

CX3CL1 has been shown to act as a survival factor for fransformed cell lines (20,
22), as well as cultured brain microglia (21). To directly study the role of CX3CR1-
CX3CL1 interactions in monocyte survival, we resorted to an ex vivo system and
probed the ability of recombinant soluble CX3CL1 to rescue human blood monocytes
from serum deprivation-induced cell death. Similarly to the mouse, human blood
monocytes comprise two subsets, which are distinct in their CX3CR1 expression
levels (37). CD14™"CD16" monocytes express intermediate and CD14°CD16”
monocytes express high levels of CXsCR1 (34).

We purified the two monocyte populations from human blood and cultured the
cells in serum-free medium and medium supplemented with either serum or
recombinant soluble CXaCL1 (full length w/o TM anchor, aa 1-337; R&D systems).
Four hours later we incubated the cells with propidium iodide {PI) to determine the
percentage of dead cells in each group. As shown in Figure 3A, exposure to
CXsCL1-supplemented serum-free medium significantly reduced the level of PI”
dead cells, as compared to un-supplemented medium. As opposed to CX3CLA,
addition of BSA, ovalbumin or IgG to the cultures did not rescue monocytes from
serum deprivation-induced death (Fig. 3B and data not shown). The percentage of
dead cells decreased with the rising concentration of supplemented CX3CL1 (Fig.
30C), indicating dose-dependency of its activity. Interestingly, both human monocyte
subsets responded similarly to CXasCL1, as indicated by comparable |levels of
surviving cells (Fig. 3A). In contrast to the murine in vivo data, the protective effect of
CXsCL1 on cultured human monocytes is therefore not restricted to the CXsCR1M
cells.

To conclude, CX3CL1 acts as a human bleod monocyte survival factor.

importantly, this activity does not require celi-cell interactions.



Reduced atherogenesis in the absence of CX3CR1-CX3:CL1 interactions is due
to impaired cell survival

Epidemological evidence suggests that the CX3;C chemokine family is involved in the
development of human cardiovascular disorders. Thus human subjects harboring the
I2asM2sc CXaCR1 haplotype have a reduced risk to develop coronary artery disease
and atherosclerosis (24, 25). The activities of this CX3CR1 variant remain however a
matter of debate (23, 44, 45). Mice deficient for apolipoprotein (apoE"’) develop
atherosclerosis when subjected to western high fat diet (48). On a CXaCR1-deficient
genetic background, apok * mice display reduced atherosclerotic plaque formation
(26, 27). In addition, also CX3CL.1 deficient mice are relatively protected from
atherosclerosis (28).

To test whether CX3C-mediated cell survival signals provide a mechanistic
explanation for these phenotypes, we asked whether enforced Bcl2 expression
would restore atherosclerosis susceptibility of CX3CR1-deficient mice. To this end
we sublethally irradiated apo£™ mice and reconstituted them with cxscr1™”,
cxscr19®* or exzor1°™9% BM, all either on wt or hMRP8bc/2 transgenic background.
Eight weeks after BM transfer, the mice were fed with high fat diet. Three months
later their arteries were analyzed for the formation of atherosclerotic plaques. In
agreement with the published data (26, 27), apoE™ recipients of non-bcf2 transgenic
cxser19P9® BM developed significantly reduced atherosclerotic plagues, when
compared to recipients of either cxser1™ or cxscr1®’* BM (Fig. 4). This deficiency in
plaque formation was however completely restored by the introduction of the bcl2
transgene, as apoE" recipients of cxscr1°™9®; bel2 BM showed atherosclerosis levels

comparable to recipients of CXsCR1 proficient BM (Fig. 4).
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To conclude, enforced cell survival promotes the generation of atherosclerotic
plagues in the absence of CX3CR1. These data suggest that increased cell death
might be the cause for the observed protection of CX3CR1 and CXsCl1-deficient

mice from atheroscierosis.

CX3CR1 expression in atherosclerotic plagues
Constitutive CX3C signals protect circulating blood monocyte from death under
steady state conditions. However, these signals could also affect endurance and
survival of other CX3CR1-expressing myeloid cells, in particular within the
atherosclerotic plagues - an inherently hostile environment due to the abundant
presence of oxysterols (47). Both activated endothelium and neointimal smooth
muscle cells could provide a protective CX3CL1 source in the atheromas (3, 7, 48,
49). We next asked which cell types, other than monocytes, express CX3;CR1 in the
lesions and thus could potentially receive the CX3CL.1 survival signal.

To this end we analyzed the atherosclerotic plagues of [cxscr1®® > apoE™]
B chimeras for the presence of GFP-expressing cells. Immunchistochemical
analysis revealed numerous CXasCR1/GFP” cells in the atheromas (Fig. 5A and
supp. Fig. 2). Interestingly, this also included a distinct population of large Oil red”
MOMA-2" celis, which likely represent characteristic foam cells (Fig. 5A), i.e.
monocyte-derived macrophages that take up modified LDL and play a critical role in
plague formation (50). The level of plague-resident CXsCR1" cells, identified as
GFP” cells in cxacr1¥®™ and cxscr19™9 mice, was reduced in the CX;CR1-deficient
mice (Fig 5B, supp. Fig 2). This is consistent with the notion of impaired foam cell
survival in absence of CX3CR1.

Human Bcl2 expression under the MRP8 promoter restored atherosclerosis

development in CX3CR1 deficient mice. Interestingly, immuno-histochemical analysis
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revealed expression of the human Bcl2 transgene in the atherosclerotic plaques (Fig.
5C). Furthermore, it seems to be expressed by foam cells, as characterized by their
typical large size {Fig. 5C). Mice harboring bcl2 transgene expression were further
marked by increased levels of CX3CR1-expressing cells in the plaque (Fig. 5B, supp.
Fig 2). The increased atherosclerosis could thus resuit from the rescue of monocytes
or/and foam cells in the plaques. Taken together these results suggest the lack of
CXsC-chemokine mediated survival of myeloid cells as the mechanistic cause

underlying atherosclerosis resistance of CX3CR1-deficient mice.

Discussion

The physiological function of the CXsC chemokine family, as represented by the
membrane-tethered ligand, CXsCL1 (Fractalkine), and its sole receptor, CX3CR1,
remains poorly understood. Here we establish a novel role of CX3CR1-CX5CL1
interactions in the survival of blood monocytes. We could show that Gr1"
monocytes levels are specifically reduced in the blood.of both CX3CL1 and CX3CR1-
deficient mice. Enforced monocytic expression of the anti-apoptotic factor Bcl2
reverted the phenotype, providing genetic evidence that this reduction results from
impaired monocyte survival. in support of the in vivo data, recombinant CX3CL1
specifically rescued cultured human monocytes from serum deprivation-induced
death. This indicates a direct and evolutionary conserved role for CXzsCR1-CXaCL1
interaction in cell survival. Finally we show that CX3C survival signals provide the
mechanistic explanation for one of the few known phenotypes of CX3CR1 and
CXsCL1-deficient mice, i.e. their relative protection from diet-induced atherosclerois
(26-28). Enforced survival of monocytes and foam cells in CX3CR1 KO mice restored
its atherogenesis levels to those found in wt mice, suggesting that CXaCL1-CX3CR1

interaction provides survival signals essential for disease progression.
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Here we suggest a role for CXsCL1 in promoting cell survival in vivo, during
steady state conditions and atherosclerosis. Although chemokines were originally
defined as chemoattractants, a growing body of evidence indicates their additionai
involvement in the control of cell survival (51). CX3CL1 itself was reported to promote
the survival of cancer cell lines (20, 22), as well as cultured microglia (21). Other
chemokines, such as CXCL12/SDF1 and CXCL9/MIG protect CXCR4- and CXCR3-
expressing cultured tumor cells from death (52, 53). Furthermore, CCL5/RANTES
was shown to contribute to the in vivo survival of pulmonary macrophages during
viral infection (54). Interestingly, our recent finding of impaired foam celis levels and
atherosclerotic lesion formation in cer5” mice (55, 56) might suggest a potential role
of CCR5-mediated survival also under these conditions.

Our in vitro data show that CX3CL.1 can protect both human monocyte
subsets from cell death. However, the 'survival of Gr1™ monocytes subset does not
depend on CX3sCR1 engagement in the blood circulation. Their steady state
maintenance might be ensured by other survival factors, including chemokines, that
Gr1°" cells might not respond to. Of note, Gr1™monocytes, as well as their human
CD14* counterpart, have an extensive chemokine receptor repertoire, as compared
to Gr1™ and CD14°CD16” cells (34, 37). The differential sensitivity {o CX3sCR1
deficiency of the monocyte subsets might also result from their distinct propensity to
die, a notion supported by their differential response to Bc¢l2 over-expression in this
study (Suppl. Figure 1B). This is of course might not be the case during inflammatory
settings, when the dependency of Gri1™ monocytes on CX3CL1 as a survival signal
might grow. Furthermore, atherogenesis might primarily depend on local CX3CL1-
mediated cell survival in the atheroma, rather than on survival of circulating cells.

Monocytes are critical in the development, maintenance and resolution of

atherosclerosis {50, 57). In the plaque, they are believed to give rise {o foam cells, a
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special macrophages subset found in those structures (58). Foam celt were shown to
play a key role in the development of early atherosclerotic plaques and their
maintenance (50). Accordingly, foam ceil death during early disease stages has
been shown to correlate with decreased atherogenesis, whereas their death during
late stages leads to thrombosis and disease progression (47). CX3CL1 is
prominently expressed in the atherosclerotic lesion (5, 7). Here we suggest CXaClLA1
to play a critical role in the survival of CX;CR1 expressing monocytes and foam cell
in the atherosclerotic plague. Accordingly, in their absence monocyte and foam cells
undergo increased cell death, leading to reduced foam cell levels and the inhibition
of plague progression.

Our results suggest that inhibition of CX3CR1-CX3CL1 interactions during
early atherogenesis stages might be beneficial in controlling this disease. However,
since CXsC signals are likely to be required for foam cell survival also during later
atheroma stages, such inhibition could result in disease exacerbation. The
development of therapeutic protocols based on interference with the CXaCR1-

CXsCL1 axis will therefore require an in depth understanding of the system.
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Materials and Methods

Mice. This study involved the use of the following C57BL/6 mouse strains:

Cxzer1®® mice (13); cxscl7” mice (41); hMRP8bc/2 mice (43) and AboE’" mice
(B6.129P2-Apoetm1Uncld, Jackson laboratories). Wt C57BL/6 mice were purchased
from Harlan. Used mice were 7-10 weeks of age. All mice were maintained under
specific pathogen-free conditions and handled under protocols approved by the

Weizmann |nstitute Animal Care Committee according to international guidelines,

BM chimera generation. For blood cell analysis recipient mice were lethally
irradiated with 950 rad dose and a day later were i.v. injected with 510° BM cells
isolated from donor femora and tibiae. BM recipients were allowed to rest for eight
weeks prior to analysis. ApoE™ recipient mice were lethally irradiated with two 650
rad doses, a day later were i.v. injected with 510° donor BM, and were allowed to

rest for three weeks before placed on high fat diet.

Mouse Cell isolation. Mice were bled from their tail veins, and subjected fo a Ficoll
density gradient (Amersham) for erythrocyte and neutrophil removal. BM cells were
isolated from mouse femora, followed by erythrocyte lysis using ACK buffer. Cells
were suspended in PBS supplemented with 2mM EDTA, 0.05% Sodium Azide and

1% FCS.

Human Bleod Cell Isolation. Human blood monocytes were isolated from WBC-
enriched blood (Israeli blood bank). Followed by erythrocytes and neutrophil removal
through a Ficoll density gradient, monocyte subsets were magnetically separated

using monocyte isolation kit 1t (Cat #130-091-153, Miltenyi Biotech) and CD16"
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menocyte isolation kit (Cat #130-091-765, Miltenyi Biotech), according to

manufacturer protocols.

Fiow cytometry Analysis. The following fluorochrome-labeled monocional
antibodies and staining reagents were used according to manufacturers protocols:
PE-conjugated anti-CD115 (eBioscience) and anti human Bcl2 (Cat # s¢-509, Santa
Cruz), APC-conjugated anti-Gr1 (Ly6C/G) (eBioscience) and Propidium lodide
{Sigma). Cells were analyzed on a FACSCalibur cytometer (Beckton-Dickinson)

using CellQuest software (Beckton-Dickinson).

Human monocyte incubation. Isolated cells were washed with PBS to remove
serum residues, and 5x10* cells per well were plated in RPMI supplemented with
non-essential amino acids. RPMI was further supplemented with FCS (10%, Beit
Haemek industries), recombinant mouse CX3CL1 (aa1-337 (Cat #472-FF), aa25-105
(Cat #571-MF); (R&D systems) or BSA (Sigma). Cells were incubated for four hours

at 37°C.

Mouse model of atherosclerotic disease progression. ApoE™ mice were fed
anatherogenic diet containing 21% fat (Altromine} and after 12 weeks were fixed by
in situ perfusion. The extent of atherosclerosis was quantified by Oil-Red-O staining
of throacoabdominal aortas prepared en face and computerized image analysis
(MetaMorph v6.0, Universal imaging Corporation or Diskus software), as previously

described (56).

Immunohistochemistry. Plaque cellular composition was analyzed in transversal

sections through the aortic root. Sections were stained with anti-MOMA-2 (MCAS519,
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Serotec) and anti- human Bcl2 (BD Biosciences) monoclonal antibodies, detected by
alkaline phosphate substrate and the Vector Red Substrate Kit (Vector Laboratories).
Nuclei are counterstained by 4°,6-Diamidino-2-pheylindol (DAPI). Images were

recorded with a Leica DMLB fluorescence microscope and CCD camera.

Statistical analysis. All statistics were generated using a Students’s t-test. All error

bars in diagrams and numbers following a + sign are standard deviations (s.d.).
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Figure Legends

Figure 4: Reduced numbers of Gri ' monocytes in CX;CR1-deficient mice

A) Flow cytometry anaiysis of blood monocytes. Left dot plot shows total ficoll-
fractionated wt blood cells. Cells gated in region R1 are living, non-granuiar white
blood cells (ngWBC). Middle and right dot plots show CD115 and Gr1 staining of
blood cells gated in R1. Region R2 gates monocytes, as indicated by their CD115
expression. Cells gated in R3 and R4 regions are Gr1™ and Gr1'® monocytes,
respectively.

B) Comparison of blood monocyte population size of wt and cxacr1®™9® mice.
Diagram shows number of monocytes, identified as CD115™ cells (R2 gated cells), in
1 mi of blood.

C, C’) Comparison between monocyte population size of wt , cxscr79" and
cx30r19®9%® mice. Bar diagram (C) shows for each group of mice the percentage of
total blood monocytes (R2 gated cells), Gr1" monocytes (R3) and Gr1®" monocytes
(R4) out of WBC gated in R1. (C') Alternative presentation of the data showed in C.

Bar diagram shows the percentage of Gr1'"

monocytes (R4) among total monocytes
p {R2) for each of the mouse strains. n=5 for each group.

D) Comparison between blood monocytes of wt, cxacr19™¢® and cxscl1” mice. Bar
histogram shows for each group the percentage of Gr1* monocytes (R4 gated

cells) out of total monocytes (R2 gated cells) for each mouse strain. n=5.

*nValue<0.05, *p Value<0.005, **p Value<5x107°, all as compared to wt mice.

1 low

Figure 2; Reduction of Gr monocytes in absence of CX3CR1 is due

impaired cell survival



A) Comparison of wt and cxscr79%9® monocytes in mixed BM chimera blood. BM
cells were isolated from wt and cxscr1¥™9 donors, mixed to 1:1 ratio from each
genotype and transferred into irradiated wt recipients. Eight weeks after transfer
recipient mice were bled and their blood content was analyzed. Dot plot shows
discrimination between GFP-positive cxscr1®™% monocytes (R5 gated cells) and
GFP-negative wt monocytes (R6 gated cells). Bar diagram shows percentage of
Gr1"®™ monocytes (as gated in R4, Fig. 1A) out of either total wt (R, black-filled bar)
or cx;cr199% (R5, gray filled bars) monocytes. n=8.

B) Comparison of monocyte levels in presence and absence of CXsCL1. Wt and
cxscl1™ irradiated mice received BM cells of wt and cxscr1¥®#% mice, and were bled
eight weeks later. Bar histogram shows percentage of Gr1™ menocytes (R4 in
Fig.1A) out of total monocytes (R2 in Fig.1A) of wt and cxscl 1™ recipients of either wt
or cxscr19P9%® BM cells. n=5.

C) Comparison of blood and BM monocytes of cxscr1®®* and cxacr1?®P jittermates.
Bar diagram shows the percentage of Gr1°" cells (gated in R4, Fig. 1A) out of total
blood or BM monocytes (cells gated in R2, Fig. 14). n=4 for each group.

D) Comparison of monocytes of hMRP8bcl2 transgenic cxscr19™9% and cxscr19*
mice. Bar histogram shows percentage of Gr1® monocytes (celis gated in R4, Fig.
1A) out of total monocytes (cells gated in R2, Fig. 1A) of cxscr1¥®™ and cxzcr19®/er
mice, either AIMRP8bcI2 transgenic on non-transgenic. n=3.*pValue<5x10® as
compared to wt **pValue<5x10~ as compared to wt recipient ***p Value<0.005 as

compared to cxaor19®™" mice.

Figure 3: CX;CL1 rescues human blood monocytes from serum deprivation-

induced death
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A) CD14*"CD16" and CD14"CD16" human blood monocytes incubated in RPMI
(Medium) or RPMI supplemented with either 10% FCS (+FCS} or 10nM soluble
CX3CL1 (+CX3CL.1). Bar diagram shows percentage of Pl-positive dying cells. n=3.
B) CD14°CD16" monocytes incubated with RPMI (Medium) or RPMI supplemented
with 10% FCS (+FCS), 10nM soluble CXsCL1 (+CXsCL1 10nM) or 10nM BSA (+BSA
10nM). Bar diagram shows percentage of Pl- positive cells. n=4.

C) CD14™CD16” monocytes incubated with RPMI supplemented with 1nM, 5nM,
10nM or 100nM CXaCL1. Diagram shows percentage of PI- positive cells. n=3.
*oValue<0.01, *pValue<0.001. Results are representative example of 3

independent experiments.

Figure 4: Enforced cell survival promotes atherogenesis in the absence of
CX3CR1

A) Aortas and aorta roots of ApoE™ recipients of wt, cxscr19%% and
exser1TPeP-nMRP8BcI2 (cxacr 199" bel2 tg) BM cells. Orange oil O staining is
shown in red.

B) Quantitative analysis of atherosclerotic lesion area in apoE” * recipients of wt
(black circles), cxscr1®®* and cxacr19%'9% BM cells, either from hMRP8BcI2
transgenic (hBcl2 tg) or non-transgenic (non tg) donors. Atherosclerotic plaques
were analyzed in aortic roots and en face prepared aortas by Qil-red-O staining.
Each group represents either five or six apok” " recipients of three distinct BM

donors. *pValue<0.01, **pValue<0.05.

Figure 5: Foam cells express CX3CR1 and hBc¢l2 transgene
A) Histology of atherosclerotic plaque analyzing CX3CR1/GFP expression by foam

cell. Irradiated ApoE" recipients of cxscr19®* BM were analyzed for Orange Oil
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deposition, as well as MOMA-2 and CXsCR1/GFP expression. Arrow indicates GFP-
jabeled foam cells identified by MOMA-2 expression and orange oil deposit and size.
B) Irradiated ApoE™”" recipients of cxzcr19;hMRP8bcI2, cxacr1®™*, cxzor®™e® and
cxscr 18P hMRP8AC/2 BM cells were analyzed for plaque CX3CR1/GFP expression.
Bar diagram represents the percentage of GFP" area out of total plague area. n=6
mice. *pValue<0.05, **pValue<0.005.

C) Aortic root plagues of irradiated ApoE™ * recipients of wt or h(MRP8bcl2 transgenic
BM were analyzed for bcl-2 expression. Arrow indicate hBcl2-stained foam cells,

identified by typical size.

Supplementary 1: Differential effect of enforced bcl2 expression on the two
monocyte subsets.

A) Expression of hBcl2 transgene by monocyte subsets. MACS purified CD115"
blood cells from cx;cr1®™*hMRP8BcI2 and cxzcr1®™” littermates were stained with
anti-Gr1 and anti-human Bcl2 antibodies. Dot plot shows Gr1™ (R7 gated cell) and
Gr1% (R8 gated cell) monocyte populations. Histograms show hBcl2 expression by
the subsets of hMRP8BcI2 fransgenic and non-transgenic mice.

B) Comparison of blood monocyte populations of wt and hMRP8bcl2 mice. Diagram

shows the numbers of total Gr1™ and Gr1'"

monocytes (identified as indicated in
Fig. 1A) in 1 ml of blood. Note that bcl2 expression rescues more Gr1'® than Gr1™

monocytes.

Supplementary 2: Inmunohistochemical analysis of atherosclerotic plaques of

ApoE" BM chimeras



Irradiated ApoE™ recipients of cxser?™ :hMRP8bcI2, cxacr1®™, cxzer1®s® and
cxser19P9P-nMRP8bcIZ BM cells were analyzed for MOMA-2 and CX3CR1/GFP

expression. One representative of six mice.
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Contribution

In two of the attached manuscripts [ am a shared leading author

The manuscript entitles “Trans-Epithelial Pathogen Uptake into the Small Intestinal
Lamina Propria” summarizes a study done together with a visiting student from France,
Alexandra Vallon-Eberhard. In this project I performed some of the experiments and

participated in the research design and analysis.

The manuscript entitles “CX,;CR1 mediated cell survival signals in monocyte
homeostasis and atherogenesis’” summarizes a study done together with Liat Bar-On, a
PhD student in the lab. In this work I designed the experiments, helped in the execution
and participated in data analysis. In addition, [ wrote the manuscript summarizing our

result, which is currently submitted for publication.



