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Summary
Peripheral blood monocytes play a central role in the mononuclear phagocyte
system (MPS) by providing a critical link between the bone marrow, as major site of
adult hematopoiesis and peripheral, terminally differentiated mononuclear phagocyte
populations, and thus have long been considered to be the sole in vivo precursors of
Mφs and DCs. However, recent studies unraveled a striking developmental plasticity
of monocytes, whose origin and fate in the periphery remains poorly established. The
general topic of this PhD thesis was to study the in vivo origin and differentiation fate
of murine monocytes.
Using an adoptive precursor cell transfer strategy into MP-depleted mice we
established the in vivo differentiation sequence from a recently identified Mφ /DCrestricted bone marrow (BM) precursor (MDP) via BM and blood intermediates to
peripheral Mφs and DCs. We showed that MDPs are the in vivo precursors of BM and
blood monocytes. Moreover, we provided evidence that the Ly6Chi monocyte subset
can re-circulate between blood and BM compartments and convert into the Ly6Clow
monocyte subset. In addition, we demonstrated that the grafted Ly6Chi monocytes
give rise to DCs in the intestinal lamina propria and lung, but not to CD11chi
conventional DCs (cDCs) in the spleen, which develop in homeostasis from MDPs
without a monocytic intermediate.
The intestinal lamina propria is comprised of multiple phenotypically and
functionally distinct lamina propria DC (lpDC) subsets, which are pivotal for the
orchestration of the immune system and maintenance in this intriguing tissue. Yet, the
origin and functional diversity of lpDC subsets remained to be elucidated. We showed
that CD103hi CD11bneg lpDCs arise without monocytic intermediates from MDPs
through a Flt3L-mediated pathway, while CX3CR1+ CD11bhi lpDCs are derived from
grafted Ly6Chi but not Ly6Clow monocytes under the control of GM-CSF and through
massive clonal expansion in the lamina propria. Furthermore, DC-depleted mice
reconstituted exclusively with monocyte-derived CD11bhi lpDCs developed severe
disease driven by their secretion of TNFα in a DSS based model of innate colitis. Our
results highlight the critical importance of the CD11bhi/CD11bneg lpDC balance for
robust gut homeostasis. In contrast to splenic cDCs, we showed that in the gutassociated-lymphoid-tissue (GALT) both monocyte subsets give rise to functional
CD11chi Peyer's Patch and Mesenteric lymph node DCs.

The contribution of Mφ to the recovery from central nervous system (CNS)
insults, as opposed to their common essential role in peripheral organs, is under
debate. Given the high numbers of locally activated resident microglia, the native
citizens of the CNS, the additional recruitment of monocytes to the injured site
remained puzzling. Here we reported a distinct essential role for monocytes-derived
Mφ following spinal cord injury. Selective ablation of blood Ly6Chi monocytes or
infiltrating monocyte-derived Mφ found in close proximity to the injured site, while
sparing the resident microglia, result in impaired recovery. Replenishment of the
monocyte-derived Mφ pool restored the lost motor functions. Moreover,
supplementation of monocytes to injured mice enhanced healing beyond spontaneous
recovery. We thus establish that the infiltrating monocytes display a local
immunoregulatory role, which can not be provided by the activated resident
microglia. Monocytes deficient in production of the anti-inflammatory cytokine,
interleukin 10, failed to display the beneficial function.
To conclude, the work presented in this thesis shed light on the intriguing
dynamic developmental fate of murine monocytes and their origin. We showed that
monocytes acquire different phenotypes depending on their heterogeneity and context
of the microenvironment they reach. Moreover, the better understanding of monocytes
biology and the experimental toolbox provided in this thesis could be used for future
studies and the development of novel approaches to manipulate and refine the MPS.

תקציר:
התאים המונוציטים הינם בעלי תפקיד מרכזי במערכת התאים הבולעניים החד גרעיניים בהיותם
חוליה מקשרת בין תאי אב קדמוניים הנוצרים במח העצם ,אתר מרכזי לייצור תאי מערכת החיסון בבוגר,
ותאים בולעניים חד גרעיניים ממוינים המצויים בפריפריה ,ולכן נחשבו במשך זמן רב לתאי האב
הקדמוניים היחידים של מקרופאג'ים ותאים דנדריטים .עם זאת ,מחקרים אחרונים חשפו שלמונוציטים
יכולת התפתחותית גמישה ,ומקורם וכן גורלם בפריפריה נשארו טרם ברורים .מטרתה העיקרית של תזת
דוקטורט זו היא חקר המקור התאי וכן הגורל ההתמיינותי של מונוציטים בגוף העכבר.
על ידי נקיטת אסטרטגיה של העברת תאי אב קדמוניים לעכבר שעבר החסרה של תאים
בולעניים חד גרעיניים ,התאפשר פענוח הרצף ההתמיינותי שתחילתו באוכלוסיית תאים קדמוניים המצויה
במח העצם שהתגלתה לאחרונה ) ,(MDPsדרך אוכלוסיות תאי ביניים המצויים במח העצם ובדם וסופו
בתאים דנדריטים ומקרופאג'ים פריפריאליים .אנו הראנו ש  MDPsהם תאי האב הקדמוניים של
מונציטים המצויים במח העצם ובדם .בנוסף ,סיפקנו הוכחה לכך שמונוציטים מתת-סוג  Ly6Chiיכולים
לנוע הלוך ושוב בין הדם למח העצם ולהתמיין למונוציטים מתת-סוג  .Ly6Clowבנוסף ,הראנו
שמונוציטים מתת-סוג  Ly6Chiמושתלים ,מתמיינים לתאים דנדריטים ברקמת הlamina propria
במערכת המעי וברקמת הריאה ,אבל לא התמיינו לתאים דנדריטיים קונבנציונליים ) (cDCsמסוג
 CD11chiבטחול ,תאים אלו כן נוצרים במצב שיווי משקל מתאי  MDPsבאופן ישיר ללא התמיינות
ביניים למונוציטים.
רקמת ה  lamina propriaבמערכת המעי ,מורכבת מתתי-סוגים רבים של תאים דנדריטים
) (lpDCsהשונים זה מזה פנוטיפית ותפקודית ,עובדה זו מאפשרת להם לווסת ולנווט את מערכת החיסון
וכן תחזוק תקין של מערכת המעי המורכבת .עד כה ,המקור והשונות הפונקציונלית של תאי lpDCs
שונים לא פוענחה .אנו הראנו ש  CD103hi CD11bneg lpDCsנוצרים ,ללא התמיינות ביניים
למונוציטים ,ישירות מ  MDPsכתלות בפקטור  ,Flt3Lואילו  CX3CR1+ CD11bhi lpDCsנוצרים
ממונוציטים מושתלים מתת-סוג  Ly6Chiאך לא  Ly6Clowכתלות בפקטור  GM-CSFודרך חלוקה
מאסיבית של תאים אלו ברקמת ה  .lamina propriaבנוסף ,עכברים חסרי תאים דנדריטים אשר קבלו
שתל של מונוציטים ועל כן מכילים רק  ,CD11bhi lpDCsפתחו מחלה חמורה עקב הפרשה של TNFα
במודל של  innate colitisהמבוסס על  .DSSהתוצאות שלנו מדגישות את החשיבות של היחס בין שתי
האוכלוסיות של תאים דנדריטים ב ,CD11bhi/CD11bneg lpDC , lamina propriaאשר נחוץ לשיווי
משקל תקין במערכת המעי .בניגוד ל  cDCsהמצויים בטחול ,הראנו שבאיברים לימפואידים שניוניים
במעי ) (GALTשתי תתי-אוכלוסיות המונוציטים ) Ly6Clowו (Ly6Chi -מתמיינות לתאים דנדריטים
פונקציונליים ב Peyer's Patchו Mesenteric lymph node -המבטאים .CD11chi
התרומה של מקרופאג'ים להתאוששות מפגיעה במערכת העצבים המרכזית ) ,(CNSבניגוד
לתפקידם החיוני והידוע ברקמות פריפריאליות ,אינה ברורה .בהנתן מספרם הגבוה של תאי מיקרוגליה
מאוקטבים ,השוכנים דרך קבע במערכת העצבים המרכזית ,תכלית הגיוס של מונוציטים לאיזור הפגוע

נותרה תעלומה .כאן אנו מדווחים על תפקיד ייחודי ושונה של מקרופאג'ים שהתמיינו ממונוציטים לעומת
תאי מיקרוגליה בעקבות פציעה בעמוד השדרה .החסרה ממוקדת של מונוציטים מסוג  Ly6Chiאו של
מקרופאג'ים שמקורם במונוציטים אשר נמצאים בקרבה גדולה לאיזור הפציעה אך ללא פגיעה
במיקרוגליה המקומיים ,פגעה בהתאוששות מן הפציעה .שיקום אוכלוסיית המקרופאג'ים שמקורם
במונוציטים ,שחזרה את הפעילות המוטורית שאבדה בעקבות הפציעה .נוסף על כך ,מתן מונוציטים
לעכברים פגועים הגבירה התאוששות מעבר ליכולת הספונטנית .לפי כך ,אנו מראים כי מונוציטים
המסתננים מן הדם ממלאים תפקיד בקרתי שאינו מתבצע על ידי מיקרוגליה מקומיים .מונוציטים פגועים
ביכולת לייצר את הציטוקין האנטי-דלקתי  , IL-10נכשלו במתן סיוע להחלמה.
לסיכום ,העבודה המוצגת בתזה זו ,שופכת אור על הגורל ההתפתחותי הדינמי של תאים מונוציטים
ממוצא עכברי ועל תאי האב הקדמוניים מהם הם נוצרים .הראנו שמונוציטים רוכשים פנוטיפ ספיציפי
כתלות בתת-הסוג ובהקשר הסביבתי אליו הם מגיעים .מעבר לכך ,ההבנה המעמיקה של אוכלוסיית
המונוציטים והכלים הניסיוניים שהוצגו בעבודה זו ,יכולים לשמש למחקרים עתידיים ולפיתוח שיטות
חדישות למניפולציה ושיפור של מערכת התאים הבולעניים החד גרעיניים.
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1. Introduction
1.1 The mononuclear phagocyte system
The mononuclear phagocyte system (MPS), as defined by Van Furth and Cohn
1

covers non-granulocytic, myeloid cells which collectively play important roles in

tissue remodeling and homeostasis, as well as regulatory and stimulatory aspects of
innate and adaptive immunity. Historically, the mononuclear phagocyte system has
been divided into two major terminally differentiated cell types, the macrophages
(Mφs) and dendritic cells (DCs)2,3, which themselves comprise multiple
subpopulations principally defined by distinct anatomic location and phenotypes.
These include lung alveolar Mφs, serosal (peritoneal) Mφs, brain microglia, liver
Kupffer cells and osteoclasts on the one hand, and thymic DCs, epidermal Langerhans
cells, intestinal lamina propria DCs and splenic DCs on the other. But, even single
and in particular lymphoid organs are made up of multiple MP subsets. Thus the
spleen hosts red pulp, marginal zone, metallophilic Mφs, and at least four distinct
CD11chi conventional DC (cDC) subsets. An additional key member of the MPS are
monocytes, that develop in the bone marrow (BM) from dividing myeloid precursors
and are subsequently released to the peripheral circulation as non-dividing cells 4,
before they enter tissues, where their fate is under intense investigation.

1.1.2 Macrophages
First identified by Metchinkoff at the end of the 19th century, Mφs are highly
phagocytic cells believed to play a major role in maintenance of tissues homeostasis,
through the clearance and destruction of bacteria, non-microbial foreign materials as
well as senescent cells and in the remodeling and repair of tissues after inflammation
2,5-8

. In general, Mφs are long lived, non-proliferating cells, although they display

great diversity of phenotype and function resulting from their ability to adapt to the
local environment1,6. Mφs express both MHC class I and II molecules and are
therefore capable of presenting antigen to CD8+ and CD4+ T cells. However, due to
lack of expression of accessory co-stimulatory molecules, they are considered poor
primary stimulators of adaptive immunity2. This notion is also supported by the
finding that infected Mφs are unable to prime naïve cytotoxic T cell responses to
intracellular pathogens in vivo 9.

1

1.1.3 – Dendritic cells
DCs joined the mononuclear phagocyte family rather late, originally identified
by Ralph Steinman in the 1970s according to their unrivaled potential to stimulate
naïve T cells

10,11

. DCs are specialized migratory Antigen Presenting Cells (APCs),

ubiquitously distributed both in lymphoid and non-lymphoid tissues as sentinels,
specialized for the capture, processing and presentation of antigens to T cells 3,12. DCs
are considered the most potent “professional APC” as they display both antigen
presenting (MHC class I and class II) and co-stimulatory functions. Upon antigen
uptake DCs leave the tissues and migrate via the lymphatics to the local lymph nodes
(LNs), where they can encounter and "prime" antigen-specific, naïve T cells 3.
However, antigen presenting DCs can also induce T cell tolerance to self-antigens.
The mechanism that enables DCs to carry out these seemingly opposing tasks is not
yet fully understood. One model suggests that immuno-stimulatory and tolerating
activities are associated with distinct DC subsets 13, whereas a second model suggests
that the maturation and activation status of the DCs defines their functionality

14

.

Mature DCs are terminally differentiated and typically short lived cells 15-17, although
the DC population is heterogeneous, and therefore, different DC subsets may differ in
their life span.

1.1.4 Monocytes
Circulating monocytes constitute about 10% of peripheral leukocytes in
humans and are characterized by atypical morphological features, such as irregular
cell morphology, bean-shaped nuclei, and high cytoplasm-to-nucleus ratio 18. Human
monocytes are long known to consist of discrete subpopulations, identified by
morphology, heterogeneity and by differential expression of antigenic markers.
Distinct expression of CD14 and CD16 allowed these cells to be divided into two
subsets: a major "classical" CD14hi CD16neg population and a minor "non-classical"
CD14low CD16+ subset

19,20

. Murine bone marrow and blood monocytes are best

defined by their expression of the macrophage-colony-stimulating-factor receptor (MCSF receptor, CD115), CD11b (membrane-activating-complex 1, Mac1) and the
F4/80 antigen 6. Furthermore, murine monocyte studies have benefited significantly
from the generation of a mouse strain that was engineered to harbor a targeted
replacement of the gene encoding the CX3CR1 chemokine receptor by a Green
Fluorescent Protein (GFP) gene (Cx3cr1gfp mice)
2

21

. All murine blood monocytes,

which represent in steady state about 2-4% of circulating leukocytes, express
CX3CR1. However, distinct surface expression levels of the chemokine receptor
allows the readily identification of two discrete Ly6Chi CX3CR1low and Ly6Clow
CX3CR1hi monocyte subsets 22,23. The ratio of the two subsets is generally stable with
a small excess of Ly6Chi monocytes

24

, but can be subject to rapid fluctuation by

induced BM egress of the latter. Highlighting the conservation of the monocyte
dichotomy, CX3CR1 is also differentially expressed on CD14hi CD16neg and CD14low
CD16+ human monocyte subsets 22. Furthermore, distinct monocyte subsets have also
been reported in rats

25,26

and pigs

27,28

, with clear similarities between these species

and human and murine monocytes.
Adoptive transfer experiments in the murine system have established that the
monocyte subsets are also functionally distinct: while the CX3CR1hi Ly6Clow
population was characterized by homing to non-inflamed tissues, CX3CR1low Ly6Chi
cells were shown to be actively recruited to sites of inflammation. Accordingly, the
two murine monocyte subsets also differ in the expression of molecules involved in
leukocyte migration and homing: Ly6Chi monocytes are CCR2+ CD62L+, whereas
Ly6Clow monocytes are CCR2neg CD62Lneg. An additional criterion that can be used to
distinguish between the two monocyte subsets is their morphology, with Ly6Clow
monocytes being smaller and less granular than the Ly6Chi cells 22,29.
However, the monocyte compartment is likely to encode more heterogeneity
that remains to be revealed with the identification of additional surface markers and
the improvement of analytical techniques. Interestingly, the Geissmann group recently
showed that a major fraction of Ly6Clow monocytes constantly patrols and monitors
the blood vessel wall and can be rapidly recruited to sites of inflammation, even
preceding the arrival of Ly6Chi cells 30. CCR2 deficiency leads to the accumulation of
an otherwise minor Ly6Cint monocyte population in the blood 31, which selectively
expresses CCR7 and CCR8. Moreover additional subsets have also been reported for
human monocyte according to expression CD64 (FcγRI)

32

, as well as expression of

the adhesion molecule CD56 33.

1.2 The origins of the mononuclear phagocyte system
Mononuclear phagocytes arise from mesoderm-derived hematopoietic
precursor cells, which in mammals are generated in two independent, temporally and

3

spatially separated waves 34. “Definitive” intra-embryonic hematopoiesis results in the
generation of multi-potent Hematopoietic Stem Cells (HSCs) that eventually seed the
BM. HSCs give rise to progenies that progressively lose self-renewal capacity and
become restricted in its lineage potential. Clonogenic common lymphoid progenitor
(CLP) cells can differentiate into T, B and natural killer cells, but not myeloid cells 35.
Common myeloid progenitors (CMPs) were shown to give rise to either
megakaryocyte/erythrocyte (MEP) or granulocyte/macrophage progenitors (GMPs),
all expressing cKit and negative for Sca1, IL-7R and lineage markers 36. Monocytes
originate in the BM from the GMPs

36

. More recently Fogg et al., identified a BM-

resident clonogenic committed progenitor that, as opposed to GMP, lost the potential
to differentiate into granulocytes

37

. When cultured under appropriate in vitro

conditions or transferred into recipient mice, the CX3CR1+ cKit+ lin- cells expanded
and gave exclusively rise to Mφs and DCs. They were hence named Mφ DC
progenitors (MDPs).
However, the direct in vivo progenitors of BM and blood monocytes and the
interrelationship between monocyte subsets remained unknown. These questions were
investigated and answered during my PhD thesis as will be discussed later

38

. Intra

bone cavity (IBC) transfer of MDPs established that within their native
microenvironment MDPs differentiate into monocytes that subsequently exit to the
circulation, defining MDPs as the direct in vivo precursors of monocytes. Moreover,
we showed that although in most current schemes of myeloid differentiation, the
blood monocyte appears as a “one way intermediate” from the BM to the peripheral
blood, Ly6Chi blood monocytes can shuttle in the absence of inflammation efficiently
home from the blood back to the BM and convert into the Ly6Clow monocyte subset.
The physiological relevance of this recirculation migration pathway is discussed in
my review 39.
The origin of terminally differentiated peripheral MPs, i.e. Mφs and DCs
remains under intense investigation and a controversial subject in the literature.
Mechanisms that maintain peripheral Mφs and DCs, which are not mutually exclusive
but likely operate in parallel or sequentially include (1) self-renewal of differentiated
resident cells, (2) migration, homing, and limited proliferation of BM derived
committed precursors in peripheral tissues and (3) the continuous extravasation and
differentiation of circulating precursors, such as blood monocytes. The latter have

4

indeed long been considered to be the sole in vivo precursors of Mφs and DCs.
However, recent studies unraveled a striking developmental plasticity of these cells
that exceed the mere replenishment of peripheral MP pools.
In the frame of my PhD thesis we investigated the various possible fates
acquired by migrating monocytes influenced by their heterogeneity and dictated by
the characteristic make-up of the specific microenvironment encountered upon their
extravasation from the blood stream

38

; Varol and Vallon-Eberhard revised

manuscript under review in Immunity; Shechter, London, and Varol, revised
manuscript under review in Plos Medicine}.

1.2.1 Monocytes as precursors of Mφs
The majority of adult tissue Mφs were historically considered to derive from the
circulating monocyte pool

1,40

. In support of this notion, in the presence of

Macrophage-Colony-Stimulating Factor (M-CSF) monocytes differentiate in vitro
into Mφs

41,42

. However, later studies have shown that many tissue resident Mφ

populations, such as lung and alveolar Mφs 43-45, splenic white-pulp and metallophilic
Mφs

46

or liver Kupffer cells

47

are maintained, at least in part, through local

proliferation, particularly under steady state conditions. In contrast, in response to
inflammatory insults the contribution to the respective tissue Mφ pool is mostly by
circulating precursors such as blood monocytes

5,8,40,47-49

. In a mouse model of

skeletal muscle damage, Arnold et al., reported that Ly6Chi monocytes, which exhibit
a pro-inflammatory profile are recruited to the site of injury, where they differentiate
into proliferating F4/80hi Mφs, switch their phenotype to acquire an anti-inflammatory
profile and stimulate myogenesis and fiber growth to restore muscle integrity 5.
Interestingly, there is also evidence for differential functions of distinct
monocyte subsets in Mφ differentiation. Recently we showed using a combination of
conditional cell ablation and in vivo reconstitution that only Ly6Clow, but not Ly6Chi
monocytes harbor the immediate potential to differentiate into lung and alveolar Mφs.
However, the latter required an obligate monocyte-derived parenchymal lung Mφ
intermediate, which subsequently migrated into the alveolar space 50. In another study,
using a mouse model of myocardial infarction, Nahrendorf et al., have reported that
the two monocyte subsets harbor distinct, temporally separated functions. CCR2+
Ly6Chi monocytes dominated at the injured heart in the first 3 days and exhibited
5

phagocytic, proteolytic and inflammatory activity. In contrast, the subsequent
resolving phase was characterized by the CX3CR1-dependent recruitment of Ly6Clow
monocytes which had attenuated inflammatory properties, expressed vascularendothelial growth factor (VEGF) and promoted healing 8.
Osteoclasts are a bone-resident Mφ population responsible for bone resorption.
Osteoclast formation has been shown to be critically dependent on the two
growth/differentiation factors M-CSF and RANKL/TRANCE, as the respective
knockout mice develop severe osteopetrosis 51-53. In vitro studies have established that
osteoclasts can be derived from unfractionated, mature peripheral blood monocytes
when exposed to these factors

54,55

. Recently, Ishii et al reported that sphingosine-1-

phosphate (S1P), a lipid mediator enriched in blood, induces chemotaxis and regulates
the migration of monocytoid osteoclast precursors not only in culture but also in vivo,
contributing to the dynamic control of bone mineral homeostasis 56. Interestingly, the
recirculation pathway of Ly6Chi monocytes can be used for the generation of
osteoclasts in bones lacking hematopoiesis 38,39.

1.2.2 Monocytes as precursors of CNS Mφs
In the frame of my PhD thesis and in collaboration with the group of Prof.
Michal Schwartz from the Weizmann institute we investigated the role of infiltrating
monocyte-derived Mφs in the lesion site of spinal cord injured mice. Immune cells
play a critical role in the resolution of many pathologies that occur in peripheral
organs. However, in the immune privileged central nervous system (CNS) the
contribution of these cells to the healing process remains a subject of controversy 57.
Microglia are the resident mononuclear phagocyte immune cells of the CNS.
Microglia are not replaced by donor cells upon BM transplantation

58

. In contrast,

following CNS injury or under pathological conditions, monocytes infiltrate from the
blood to the parenchyma of the damaged area, differentiate into Mφs 49,59. The limited
spontaneous recovery following CNS injury, along with the common negative
perception of inflammation, have led to the view that this monocyte recruitment is a
destructive process that should be suppressed

60-64

. However, contradictory results

emerged from recent studies demonstrating that Mφs can benefit CNS repair 65,66, are
capable of secreting neurotrophic factors
and support axonal regeneration

71-74

67,68

, promote removal of tissue debris

69,70

,

. The contradictory data regarding the

6

contribution of Mφs to CNS recovery suggest that perhaps the infiltrating monocytederived Mφs have a unique role that is not covered by the well-described proinflammatory resident microglia.
In my PhD thesis we characterized the phenotype and kinetics of monocyte
infiltration to the spinal cord injury site, their differentiation fate into spinal cord Mφs
and established their indispensable beneficial role in recovery from such an injury
(Shechter, London and Varol et al., revised manuscript under review in Plos
Medicine).

1.2.3 Monocytes as precursors of DCs
Sallusto and Lanzavecchia were the first to demonstrate the ability of
monocytes to differentiate into DCs in cultures of human peripheral blood monocytes
supplemented with Granulocyte-Macrophage Colony Stimulating Factor (GM-CSF)
and IL-4 75. The resulting "immature" monocyte-derived DCs could subsequently be
matured by treatment with Toll-like receptor (TLR) ligands (LPS, CpG) or TNFα 76.
Using an in vitro system of reverse trans-endothelial migration, Randolph et al.,
reported that DCs can arise from monocytes that migrate across endothelium in an
ablumenal-to-lumenal direction, whereas monocytes that remained in the subendothelial matrix developed into Mφs 77,78.
In vivo differentiation of grafted monocytes under inflammatory conditions
into functional DCs was shown by Geissman et al.,

22

. Here adoptively transferred

monocytes supported parathymic LN CD8+ T cell responses in otherwise incompetent
MHC class I-deficient mice. Qu et al., showed that following subcutaneous injection
of fluorescent latex microspheres, Ly6Chi and Ly6Cint monocytes, but not Ly6Clow
cells, were recruited to the site of inflammation, differentiated into DCs and migrated
to the LN 31.
Despite the experimental evidence for the potential of monocytes to
differentiate into DCs, the details and molecular cues that govern this process under
physiological conditions remain, due to the lack of appropriate experimental systems,
unknown. The most direct way to investigate the origin of MPs is by the adoptive
transfer of precursor cells into recipient mice and subsequent tracking of graft
descendants.

7

In my PhD thesis using a combination of conditional DC ablation and a
complementary adoptive precursor cell transfer strategy we established an
experimental system that allows studying the differentiation potential of monocytes
and other precursors such as MDPs into DCs under resting non-inflammatory
conditions

38

; {Varol, MIMB, in press}. This approach set the stage for a

comprehensive analysis of the differentiation potential of the monocyte subsets in
various microenvironments under different conditions. As presented and discussed in
Varol et al, JExpMed, 2007, we showed that adoptively transferred Ly6Chi monocytes
efficiently seeded the recipient spleen with CD11cint progeny, however failed under
non-inflammatory conditions to give rise to splenic conventional CD11chi DCs
(cDCs) 38. However, in the same recipients, the grafted monocytes differentiated into
CD11chi lamina propria DCs (lpDCs). Moreover, we reported that both Ly6Chi and
Ly6Clow monocytes harbor the potential to give rise to DCs in the respiratory tract of
DC-depleted recipients 38,50.
Together with recent findings of other researchers these experiments
suggested that monocytes might be precursors of non-lymphoid tissue DCs, but not of
splenic lymphoid tissue DCs. Accordingly, the Shortman group has shown that
adoptively transferred monocytes differentiated into splenic CD11chi DCs only under
vigorous inflammatory conditions. The latter were hence named "inflammatory DCs'"
79

. This population resembles TNFα/ iNOS-producing (Tip)-DC which accumulate in

the spleen following L. monocytogenes infection first identified by the Pamer group
80

. Tip-DCs were subsequently shown to be generated by Ly6Chi monocytes in a

CCR2 dependent manner

81

. In accordance with our results, recent studies have

highlighted the ability of monocytes to give rise to non-lymphoid DCs in the skin.
Using BM chimeras and parabiotic mouse models the Merad group established that
epidermal Langerhans cells (LCs) rely for their steady state maintenance on selfrenewal 82. However, when LCs were depleted by irradiation with UV light, they were
replenished by BM precursors in a CCR2-dependent manner

82

subsequently identified these precursors as Ly6Chi monocytes

. Interestingly, LCs

83

. Ginhoux et al.,

are also located within the mucosal epithelial lining of the vaginal and oral cavities. In
contrast to skin epidermal LCs, these vaginal epithelial DCs (VEDCs) are however
readily reconstituted by BM-derived precursors and under inflammatory conditions
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(elicited by intra-vaginal HSV-2 infection) efficiently repopulated by Ly6Chi
monocytes 84.

1.2.4 Monocytes as precursors of lamina propria DCs (lpDCs)
The intestinal immune system responds robustly to harmful pathogens, yet
remains tolerant to food antigens and commensal organisms. Uncontrolled mucosal
immunity results in chronic inflammatory diseases (IBD), such as Crohn's disease
(CD) and Ulcerative colitis 85. The maintenance of this critical balance is thought to
be decisively influenced by mononuclear phagocytes, including Mφs and DCs. The
later are highly abundant in mucosal tissue and can be found both in organized
lymphoid organs, such as the Peyer's Patches (PPs), in isolated lymphoid follicles
(ILFs) and cryptopatches (CPs), as well as the entire lamina propria (LP) 86,87. Ex vivo
studies have revealed the existence of multiple phenotypically and functionally
distinct lpDC subsets

88-91

. Accordingly, CD11chi lpDCs of the small intestine have

been divided into two main CD11bneg CD103hi and CD11bhi CD103lo DC subsets.
Given the recent progress in our understanding of the origins of conventional
DCs, in my PhD thesis we sought to investigate the functional organization of the
lpDC compartment by probing the in vivo origin of lpDCs using a combination of
conditional cell ablation and engraftment with defined DC precursors, including
MDPs, Ly6Chi and Ly6Clow monocytes. We report here the differential origin of the
two main lpDC subsets. CD11bneg lpDCs arose, without monocytic intermediates,
from MDPs through an Flt3L driven pathway. In contrast, CD11bhi lpDCs were
exclusively derived from Ly6Chi but not Ly6Clo monocytes in a GM-CSF-controlled
manner. Interestingly, during the reconstitution process CD11bhi lpDCs underwent
massive clonal expansion in the lamina propria layer. In addition, we provide
evidence that mice lacking CD11bneg lpDCs are uniquely sensitive to DSS-induced
colitis due to the propensity of CD11bhi lpDCs to secrete TNFα. Our data thus
highlight the importance of a critical balance between CD11bneg and CD11bhi lpDCs
for tissue repair and gut homeostasis (Varol and Vallon-Eberhard, revised manuscript
under review in Immunity).
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2. Objectives
The general topic of my PhD thesis was to investigate the origin and contextdependent fate of murine monocytes. More specifically, my PhD involved the
following three main projects:
1. Studying the origin and differentiation fate of monocytes in peripheral
lymphoid and non-lymphoid tissue.
2. Studying the origins and functions of intestinal lamina propria DC (lpDC)
subsets.
3. Studying the role of infiltrating monocyte-derived Mφ in the recovery of mice
from spinal cord injury (in collaboration with Prof. Michal Schwartz, WIS).
Following is a detailed list of objectives for each of these projects:
1. Studying the origin and differentiation fate of monocytes in peripheral lymphoid
and non-lymphoid tissue.
a. Defining the origin of monocytes.
b. Exploring the interrelationship between distinct monocyte subsets.
c. Investigating the migration pattern of monocytes in steady state versus
inflammatory conditions.
d. Studying the differentiation fate of monocytes in lymphoid and non-lymphoid
organs.
2. Studying the origins and functions of intestinal lpDCsubsets.
a. Phenotypic Characterization of intestinal lpDC compartment.
b. Studying the origin of distinct lpDC subpopulations and defining the molecular
cues controlling their differentiation pathways.
c. Establishing an experimental system allowing investigation of the functions of
distinct lpDC subsets of any genetic background.
d. Investigating the role of distinct lpDC subpopulations in homeostasis and disease.
3. Studying the role of infiltrating monocyte-derived Mφs in the lesion site of spinal
cord injured mice
a. Characterization of monocyte infiltration to lesion site following spinal cord
injury (SCI).
b. Studying the differentiation fate of the infiltrating monocytes.
c. Studying the role of infiltrating monocyte-derived Mφs at the site of injury.

10
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Monocytes give rise to mucosal,
but not splenic, conventional dendritic cells
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The mononuclear phagocyte (MP) system is a body-wide macrophage (M𝚽) and dendritic
cell (DC) network, which contributes to tissue homeostasis, inflammation, and immune
defense. The in vivo origins of MPs remain poorly understood. Here, we use an adoptive
precursor cell transfer strategy into MP-depleted mice to establish the in vivo differentiation sequence from a recently identified M𝚽/DC-restricted bone marrow (BM) precursor
(MDP) via BM and blood intermediates to peripheral M𝚽s and DCs. We show that MDPs
are in vivo precursors of BM and blood monocytes. Interestingly, grafted Gr1high “inflammatory” blood monocytes shuttle back to the BM in the absence of inflammation, convert
into Gr1low monocytes, and contribute further to MP generation. The grafted monocytes
give rise to DCs in the intestinal lamina propria and lung, but not to conventional
CD11chigh DCs in the spleen, which develop during homeostasis from MDPs without
a monocytic intermediate.
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Steffen Jung:
s.jung@weizmann.ac.il
Abbreviations used: DTR,
diphtheria toxin receptor;
DTx, diphtheria toxin; IBC, intra
bone cavity; lp, lamina propria;
MDP, MΦ/DC precursor;
MP, mononuclear phagocyte;
MΦ, macrophage.

Historically, the body-wide cellular network of
peripheral mononuclear phagocytes (MPs) has
been subdivided into macrophages (MΦs) and
DCs, which were discovered toward the end
of the 19th century and in the 1970s, respectively (1, 2). Both MΦs and DCs consist of
multiple subpopulations largely defined by distinct anatomic location and phenotypes. MΦs
include representatives in the serosa, lamina
propria (lp), lung, brain (microglia), bone
(osteoclasts), and liver (Kupffer cells; reference 3).
DCs, on the other hand, have been divided
into epidermal Langerhans cells, plasmacytoid
DCs, and conventional CD11chigh DCs, which
in mice are themselves composed of three subsets (CD4+ CD8−, CD4− CD8−, and CD4−
CD8+; reference 4). MPs are involved in tissue
remodeling and homeostasis, as well as regulatory and stimulatory aspects of innate and adaptive immunity.
MPs arise from mesoderm-derived hematopoietic precursor cells, which in mammals
are generated in two independent temporally
and spatially separated waves (5). “Definitive”
The online version of this article contains supplemental material.
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intra-embryonic hematopoiesis results in the
generation of multipotent hematopoietic stem
cells that eventually seed the BM. Certain MP
populations, such as the brain microglia and
epidermal Langerhans cells, are capable of selfrenewal or are derived from tissue-resident
precursors (6, 7). However, most other peripheral MP subsets of the adult, particularly the
short-lived CD11chigh DC (8), are believed to
rely on continuous replenishment from the
BM-resident hematopoietic stem cells. The
hematopoietic stem cell differentiation pathway into MPs includes several BM intermediates, such as the common myeloid precursors
(9), granulocyte/MΦ precursors (9), and MΦ/
DC precursors (MDPs; reference 10), characterized by their progressive loss of ability to
give rise to other hematopoietic cell types.
Systemic dissemination into the peripheral
MP pool is thought to be ensured by circulating blood monocytes (11). Human monocytes
are long known to consist of discrete subpopulations (12), and, more recently, monocyte
heterogeneity has also been established in the
mouse (13–16) and rat (17). Circulating murine
monocytes comprise two main subsets: Gr1high
171
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RESULTS
MDPs give rise to BM and blood monocytes
Taking advantage of a mouse strain that carries a replacement
of the CX3CR1 chemokine receptor gene by a GFP reporter
(CX3CR1gfp mice; reference 18), we recently reported the
isolation of a novel proliferating clonogenic precursor (termed
MDP) from murine BM that gives rise exclusively to MΦs
and DCs. When injected into the blood stream of recipient
mice, MDPs expand and differentiate into splenic MΦs and
DCs (10). In this study, we sought to study the potential of
MDPs to differentiate within their native BM microenvironment and give rise to BM and blood monocytes. We therefore revised our original adoptive MDP transfer approach by
injecting the MDPs into the BM, i.e., the femoral bone cavity, of the recipient mice.
The BM of CX3CR1gfp donor mice contains three main
distinct CD115+ CX3CR1/GFP+ populations: CD117+
CD11b− Gr1− cells (Fig. 1 A), which represent dedicated
MDPs (GFPlow; reference 10), and two discrete Gr1(Ly6C/G)high
and Gr1(Ly6C/G)low subsets of CD11b+ BM monocytes
(19) that in CX3CR1gfp mice appear as GFPint and GFPhigh,
respectively (Fig. 1 A). To study the interrelation of these
populations, we isolated BM from heterozygote mutant
CX3CR1gfp donor mice (CD45.1) and sorted MDPs to purity
according to surface CD117 (cKit) and GFP expression, as
well as the absence of CD11b and Gr1 markers (Fig. 1 B).
MDPs were then injected into the right femoral bone cavity
of unmanipulated WT mice (CD45.2). The recipient mice
were killed at various time points after adoptive transfer and
subjected to flow cytometry analysis of blood and BM. The
differential allotypic CD45 marker of host and graft, in addition to the GFP label of the CX3CR1gfp cells, allowed detection of the graft. Analysis of the recipient BM at days 3 and 6
172

Figure 1. Characterization of CX3CR1gfp BM and IBC transfer
of MDPs. (A) Flow cytometry analysis of CX3CR1gfp/+ BM. The cells in
the dot plots to the right are gated according to CD115 and GFP
expression. Note the presence of three main CD115+ GFP+ populations:
CD11b− CD117+ MDP, CD11b+ Gr1high, and CD11b+ Gr1low BM monocytes. (B) Flow cytometry analysis of an MDP graft isolated by high
speed sorting according to CD117 and GFP expression. (C) Analysis
of WT recipient BM (right, injected femur) at the indicated time points
after IBC transfer of 2.5 × 104 MDPs (purity: 85%, devoid of Gr1high
CD11b+ cells). Note the distinct GFP intensity pattern of differentiated
graft-derived (CD45.1+) CD11b+ Gr1high and Gr1low BM monocytes and
the decrease in the Gr1high/Gr1low ratio with time: 14 (day 3) to 2.7 (day 6).
(D) Analysis of WT recipient BM (left, noninjected femur) at the indicated time points after IBC transfer. Gating as in C. (E) Analysis of recipient blood (day 6). The cells were gated according to CD115 surface marker
expression. The data are representative of at least two independent
experiments per time point.

after transfer revealed the presence of GFP+ CD45.1+ cells
expressing the surface marker CD11b (Fig. 1 C). As in the
donor mice, CD11b+ GFP+ cells could be further subdivided
according to Gr1 and CX3CR1/GFP expression (Fig. 1 C).
Interestingly, Gr1high cells, and to a lesser extent Gr1low graftderived cells, were detected also in the noninjected (left)
recipient femur (Fig. 1 D). Analysis of the blood revealed the
presence of GFP+ graft-derived monocytes that were largely
Gr1low (day 6; Fig. 1 E). These findings show that upon IBC
transfer, MDPs are able to differentiate into both Gr1high and
Gr1low BM monocytes. Given the small number of transferred MDPs (2.5 × 104 cells), this sequence likely involved
proliferative expansion of the graft. To investigate the interrelation between the two BM monocyte subsets, we next
isolated CD11b+ Gr1high GFPint BM monocytes from the
BM of CX3CR1gfp mice (CD45.1; Fig. 2 A) and performed
an IBC transfer. Analysis of recipient mice days 1 and 3 after
transfer revealed the presence of graft-derived Gr1low GFPhigh
BM monocytes (Fig. 2 B). These findings suggest that Gr1high
BM monocytes can serve as in vivo precursors of Gr1low BM
monocytes, as has been reported for Gr1high blood monocytes
(16, 20). It bears mention that at both time points, graftderived monocytes were again detected in the noninjected
MONOCYTE ORIGIN AND DIFFERENTIATION | Varol et al.
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CX3CR1int CD62L+ CCR2+ and Gr1low CX3CR1high CCR2−.
Gr1high “inflammatory” monocytes were shown to home
preferentially to sites of inflammation, whereas Gr1low monocytes are believed to seed resting tissues in the steady state
(15). However, the origin and biology of this intriguing
short-lived leukocyte, which cannot be generated in vitro,
remain poorly understood.
Here, we report the use of adoptive precursor transfer
experiments in WT and MP-depleted recipient mice to
study the origin, interrelation, and differentiation potential
of murine BM and blood monocytes. Using intra bone cavity (IBC) transfer we establish the in vivo differentiation
sequence from the recently reported MDP (10) to BM and
blood monocytes and terminally differentiated peripheral
MPs. Interestingly, monocytes appear to be dedicated to DC
replenishment of nonlymphoid organs, such as the intestinal
lp and the lung, whereas splenic DCs seem to arise from local
precursors without a monocytic intermediate. Furthermore,
we show that in the absence of inflammation, the Gr1high
blood monocyte subset efficiently shuttles back to the BM,
converts into Gr1low monocytes, and thus contributes further
to MP generation.
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femura of the recipient mice (Fig. 2 C). Recipient mice also
exhibited a prominent population of Gr1low blood monocytes, supporting the notion that the grafted Gr1high cells had
differentiated (Fig. 2 D). Collectively, IBC transfer of MDP
and BM monocytes recapitulated the sequential in vivo differentiation of MDPs, Gr1high BM monocytes, Gr1low BM
monocytes, and Gr1low blood monocytes.
Gr1high inflammatory monocytes shuttle between
the blood and BM
The detection of graft-derived BM monocytes in the noninjected femur after the IBC transfer of MDPs and BM monocytes (Figs. 1 D and 2 C) suggested that grafted cells or their
descendants had entered the circulation and shuttled between
bone cavities. Furthermore, the rare graft-derived cells in the
noninjected femura were mainly of the Gr1high phenotype.
We previously reported that homing of the Gr1high CD62L+
CCR2+ monocyte subset was restricted to sites of inflammation. In the absence of the latter, adoptively transferred Gr1high
blood monocytes, but not Gr1low blood monocytes, rapidly
disappeared from the circulation of recipient mice (15). Our
present results raised the possibility that this observation
might have been due to the immediate and quantitative recruitment of the Gr1high blood monocytes to the recipient
BM. To investigate this issue, we adoptively transferred
Gr1high blood monocytes isolated by MACS from Rag−/−
CX3CR1gfp mice (Fig. 3 A) to the circulation of WT recipients.
JEM VOL. 204, January 22, 2007

Table I. Distribution of adoptively transferred Gr1high
BM monocyte grafts in the BM and blood compartment
of recipient mice

Day 1
Blood
BM
Day 3
Blood
BM
Day 6
Blood
BM

Total no. CD115+
cells

% graft-derived
CD115+ cells

No. graft-derived
CD115+ cells

1.6 × 105a
5 × 107b

1.6 (± 0.15)
0.17 (± 0.01)

2.6 × 103
8.5 × 104

0.6 (± 0.13)
0.05 (± 0.01)

103
2.3 × 104

0.15 (± 0.03)
0.033 (± 0.005)

240
1.6 × 104

WT recipients of Gr1high BM monocytes (5 × 105 cells; purity: 96%) were analyzed
by flow cytometry on days 1, 3, and 6 after i.v. transfer. Data correlate to Fig. 3 C.
Note that according to our calculation day 1 after transfer, a total of 17% of the
grafted monocytes can be found in the recipient BM, whereas 0.52% of the cells are
circulating in the recipient blood.
aBased on mouse phenome database (http://phenome.jax.org/pub-cgi/phenome/
mpdcgi?rtn=docs/home).
bBased on reference 55. The percentage of CD115+ cells of nucleated BM cells was
determined to be 12% by flow cytometric analysis (not depicted).
173
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Figure 2. IBC transfer of BM monocytes. (A) Flow cytometry analysis
of Gr1high BM monocyte graft. (B) Analysis of WT recipient BM (right,
injected femur) at the indicated time points after IBC transfer of 5 × 105
Gr1high BM monocytes (purity: 90%). Note the distinct GFP intensity pattern of differentiated graft-derived (CD45.1+) CD11b+ Gr1high and Gr1low
cells and the decrease in the Gr1high/Gr1low ratio with time: 5 (day 1) to
1.8 (day 3). (C) Analysis of WT recipient BM (left, noninjected femur) at the
indicated time points after IBC transfer. Gating as in C. The data are representative of at least two independent experiments per time point.
(D) Analysis of recipient blood (day 3). Note the sizeable presence of
graft-derived (CD45.1+) CD11b+ Gr1low monocytes.

Analysis of the recipient mice on day 4 revealed the abundant
presence of grafted GFP+ cells in the recipient BM (Fig. 3 B),
which were Gr1high and Gr1low (not depicted). In contrast and
as previously reported (15), we failed to detect Gr1high monocytes in the recipient blood, although it contained a sizeable
population of Gr1low monocytes (Fig. 3 B). This indicates that
in the absence of inflammation, Gr1high blood monocytes efficiently shuttle from the blood to the BM. These data also
directly support the notion that Gr1high blood monocytes are
in vivo precursors of Gr1low monocytes (16, 20). To further
substantiate this point, we i.v. transferred Gr1high BM monocytes into recipient mice. Like the Gr1high blood monocytes,
these cells rapidly homed to the recipient BM. Day 1 after
transfer, graft-derived monocytes were mainly Gr1high in both
the BM and blood compartments, whereas at day 3, the
grafted cells had almost quantitatively converted into Gr1low
monocytes (Fig. 3 C and Table I). To confirm the BM homing of the i.v. injected Gr1high BM monocytes, we performed
whole body optical imaging using the near-infrared lipophilic
carbocyanine tracer DiR (21). Although most transferred
DiR-labeled monocytes accumulated in the lung, liver, and
spleen, grafted cells were also readily detectable in the BM
(femora and cranium) of the recipient mice (Fig. 4, A–C).
Independent intravital experiments with CFSE-labeled grafts
suggested that Gr1high monocytes had indeed extravasated
and entered the cranial BM parenchyma (Fig. 4 D). These
results show that Gr1high monocytes efficiently home to the
BM. However, unlike senescent neutrophils that return to
the BM to die (22), Gr1high monocytes recycle, differentiate
into Gr1low monocytes, and can return to the blood to further
contribute to the peripheral MP pool.
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counterpart, e.g., the recruitment to sites of inflammation
(13, 15, 23). Highlighting the dual homing potential of
i.v. injected Gr1high BM monocytes, thioglycollate-induced
inflammation caused the grafted cells to deviate from their

Figure 3. Gr1high blood and BM monocytes shuttle between blood
and BM. (A) Flow cytometry analysis of a blood monocyte graft isolated
from Rag−/− CX3CR1gfp mice. The GFP− cells are Ly6G+ CX3CR1− granulocytes (reference 18). (B) Analysis of recipient BM and blood 4 d after
adoptive cell transfer of Gr1high blood monocytes (105 cells). Note the
presence of graft-derived (GFP+) Gr1low monocytes in the blood. Fractions
of graft-derived GFP+ cells of total CD115+ cells in recipient BM (0.12%)
and in recipient blood (0.76%). (C) Analysis of BM and blood of WT recipients of Gr1high BM monocytes (5 × 105 cells; purity: 96%) days 1 and 3
after i.v. transfer. Note the loss of Ly6C/G expression on grafted Gr1high

BM monocytes. Bar diagrams summarize data obtained from three mice
per time point. Note the difference of GFP intensity of BM and blood
monocytes on day 1 (mean fluorescence intensity: 274.75 ± 13.9 vs.
376.6 ± 20.5; P = 0.003). (D) Flow cytometry analysis of BM and
peritoneal cavity (PC) lavage of WT recipients of MACS-purified CD115+
BM monocytes (106 cells; purity: 88%) that were left untreated or
had been inoculated with thioglycollate. Note the recruitment of
grafted Gr1high BM monocytes to the inflamed peritoneal cavity. The
data are representative of at least two independent experiments per
time point.
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Collectively, our results suggest that Gr1high BM and
blood monocyte populations are linked. To investigate a potential functional overlap between these two populations, we
tested Gr1high BM monocytes for a hallmark of their blood
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steady-state route (BM) to the peritoneal cavity (Fig. 3 D).
This indicates further that Gr1high BM and blood monocyte
subsets have functional similarities.
MDPs, but not monocytes, can replenish splenic DCs
Upon i.v. transfer into irradiated and young nonirradiated
recipient mice, MDPs give rise to splenic DCs (10), which
are characterized by a frequent steady-state turnover (8).
However, MDP differentiation into long-lived MPs, particularly of peripheral tissues, could have been hampered by the
limited precursor input in the time window analyzed (10).
We therefore sought to improve the engraftment of the MP
compartments by depleting DCs and MΦs from the recipients before MDP transfer. To this end, we took advantage of
CD11c–diphtheria toxin (DTx) receptor (DTR) transgenic
mice, which harbor CD11c-expressing MPs, including MΦs
and DCs that are sensitive to DTx and are hence depleted
upon DTx treatment (24–27). In this conditional cell ablation
system, targeted cells die by apoptosis and are removed without causing major inflammation (28). Their replenishment
might therefore mimic steady-state conditions. BM chimeras
JEM VOL. 204, January 22, 2007

Figure 5. MDPs, but not monocytes, act as precursors of splenic
DCs. (A) Flow cytometry analysis of CX3CR1gfp donor spleen and spleens
of DTx-treated, MP-depleted mice with and without engraftment of
CX3CR1gfp MDP (8 × 104 cKit+ CD115+ Gr1− CD11b− cells; purity: 80%) and
Gr1high BM monocytes (8 × 105 CD115+ Gr1+ CD11b+ cells; purity: 88%).
Note the presence of graft-derived (CD45.1+) DCs (CD11chigh) in MDP
recipients that, as in donor mice CD11b− DCs, are split into CX3CR1/GFP+
and CX3CR1/GFP− cells. CD11chigh/CD11cint ratios in an MDP recipient: 2.7
in Gr1high monocyte recipient 0.05 (as determined by the indicated gates).
(B) Flow cytometry analysis of the spleen of an MP-depleted mouse with
and without intra-splenic injection of CX3CR1gfp BM MDPs (2.5 × 104
cells; purity: 96%). Note the presence of graft-derived (CD45.1+) DCs
(CD11chigh) in MDP recipients. The data are representative of two independent experiments.

generated by reconstitution of lethally irradiated WT mice
with CD11c-DTR transgenic BM allow for extended MP
depletion (29, 30). MDPs were isolated from CX3CR1gfp
donor mice (CD45.1) and injected into DTx-treated BM
chimeras. Analysis of the recipient 7 d after i.v. MDP transfer revealed the presence of graft-derived Gr1high and Gr1low
monocytes in the BM and blood (not depicted). At the same
time, the spleen of the MDP recipient mouse was efficiently
seeded by DTx-resistant CD11chigh DCs, including CD11b+
and CD11b− cells (Fig. 5 A). As in CX3CR1gfp donor mice
(10, 18), CD11c+ CD11b− (CD8α+) DCs could be subdivided into CX3CR1/GFP+ and CX3CR1/GFP− subsets. In
addition, recipient spleens contained an appreciable population of CD11b+ CD11cint cells of unknown identity that
were also identified in donor spleens. Because MDPs are in
vivo precursors of Gr1high BM monocytes (Fig. 1 C), we next
investigated the potential of the monocytes to give rise to
175
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Figure 4. Whole body imaging of Gr1high BM monocyte recipients.
(A) Color-coded near-infrared fluorescent image overlaid on a photographic image of a CD1 nude mouse 16 h after tail vein injection of
DiR-labeled BM monocytes (3 × 106 cells; purity: 94%; right). Control
(acquired on IVIS 100) is shown on the left. Note the presence of label
in femura. (B) Color-coded near-infrared fluorescent image overlaid
on a photographic image of isolated lung, spleen, and femura of CD1
nude recipients of DiR-labeled BM monocytes (right) and noninjected
control (left; 3 × 106 cells; purity: 94%). (C) Monochrome fluorescent
microscopy image of a cranium of a CD1 nude mouse that received
DiR-labeled BM monocytes (3 × 106 cells; purity: 94%). Note the presence
of labeled cells in bone cavities. (D) Dual-channel fluorescent microscopic
image of a cranium of a C57BL/6 WT recipient mouse that had received
an i.v. injection of CFSE-labeled BM monocytes (3 × 106 cells; purity:
96%). Arrows indicate two graft-derived cells that extravasated into the
BM parenchyma. Bar, 100 μm. The data are representative of two independent experiments.
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splenic DCs in the MP-depleted recipients. Interestingly,
grafted Gr1high BM monocytes failed to give rise to CD11chigh
splenic DCs but differentiated almost exclusively into the
CD11b+ CD11cint population we had previously observed
with the MDP graft (Fig. 5 A). Because MDPs are monocyte
precursors but the latter do not generate splenic CD11chigh
DCs, we next examined whether MDPs could give rise to
splenic DCs without prior differentiation into monocytes,
i.e., when placed directly in the spleen. As seen in Fig. 5 B,
intra-splenic injection of BM MDPs into MP-depleted mice

176

Monocytes replenish intestinal lp and lung DCs
Because monocytes are established DC precursors (3), we decided to investigate whether the grafted Gr1high BM monocytes can give rise to DCs in other nonlymphoid tissues. We
first chose to study the seeding of the intestinal lp, which,
as we recently reported, contains two discrete populations
of CX3CR1+ lpDCs and CX3CR1− lpMΦs (27, 31). Both
of these cell types are CD11c+ and hence DTx sensitive in
CD11c-DTR transgenic mice and [DTR®WT] mixed BM
chimeras (27, 29). When transferred into untreated WT
mice, Gr1high BM monocytes essentially failed to give rise to
lpMP, as indicated by the absence of CD11c+ CD45.1+ cells
(Fig. 6 A). DTx-induced lpMP depletion in the [DTR®WT]
recipients, however, promoted the efficient seeding of this
peripheral tissue with graft-derived (CD45.1+) CX3CR1/
GFP+ lpDCs and CX3CR1/GFP− lpMΦs (Fig. 6 A). lpMPs
were also observed after the adoptive transfer of MDPs (Fig.
6 A). To address the potential role of inflammatory signals
associated with our conditional ablation strategy in graft
recruitment and differentiation, we repeated the experiment using a novel strain of mice that constitutively lacks
CD11c+ lpMPs and was recently developed in our laboratory
(to be described elsewhere). Flow cytometry and histological analysis of these recipient mice showed efficient engraftment of their lp with CD45.1+ CX3CR1/GFP+ lpDCs and
CX3CR1/GFP− lpMΦs (Fig. 6, A and B), arguing in favor
of the homeostatic nature of this MP differentiation route.
However, further experimentation will be needed to assess
the contribution of the MΦ/DC depletion to the process.
Notably, recruitment could also be mediated by constitutively expressed inflammatory signals present at the mucosal
tissues. Further clarification of this issue will require the definition of the molecular parameters that guide the transferred
cells to the lp. To extend our analysis to another nonlymphoid
organ, we studied the lung parenchyma of CD11c-DTR
transgenic recipient mice that were depleted of lung DCs
by intra-tracheal DTx instillation (26). Grafted Gr1high BM
monocytes gave efficient rise to lung DCs, which can be
defined by coexpression of the CD11c and CD11b integrins,
as well as of CX3CR1 (32, 33, 56; Fig. 6 C).
Collectively, adoptively transferred monocytes fail to give
rise to CD11chigh DCs in the spleen but efficiently do so in
the intestinal lp and lung. These results suggest a differential
contribution of monocytes and MDPs to the lymphoid and
nonlymphoid DC compartment.
DISCUSSION
Here, we report three novel findings on the origin, interrelation, and fate of murine MPs. First, we establish that a recently reported MDP (10) differentiates in vivo into BM and
blood monocytes. Second, we show that in the absence of
MONOCYTE ORIGIN AND DIFFERENTIATION | Varol et al.
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Figure 6. Monocytes are precursors of MPs in the intestine
and lung. (A) Flow cytometry analysis of small intestinal lp cells isolated
from a CX3CR1gfp donor mouse, as well as of WT, MP-depleted, and
MP-deficient recipients of CX3CR1gfp Gr1high BM monocytes and MDPs (7 d after
i.v. transfer of 8 × 105 CD115+ CD11b+ Gr1+ monocytes [purity: 88%] or
8 × 104 CD117+ Gr1− CD11b− MDPs [purity: 80%]). Note the presence of
graft-derived (CD45.1+) CD11c+ CX3CR1/GFP+ lpDCs and CD11c+ CX3CR1/
GFP− lpMΦs in donors and MP-depleted and MP-deficient recipients of
precursor grafts. The data are representative of three independent
experiments. (B) Fluorescence microscopy analysis of small intestinal villi
of mice constitutively lacking lpDCs and lpMΦs with or without adoptive
transfer of CX3CR1gfp BM monocytes (106 CD115+ Gr1high CD11b+ cells;
purity: 85%). Note the presence of graft-derived CX3CR1/GFP+ lpDCs in
the live tissue of a BM monocyte recipient. Bar, 100 μm. The data are
representative of three independent experiments. (C) Flow cytometry
analysis of parenchymal lung cells isolated from CX3CR1gfp donor mouse,
an MP-depleted mouse, and MP-depleted recipients of CX3CR1gfp Gr1high
BM monocytes (7 d after i.v. transfer of 7.5 × 105 CD115+ Gr1+ CD11b+
cells; purity: 85%). Note the presence of graft-derived (CD45.1+) CD11c+
CD11b+ CX3CR1/GFP+ lung DCs in the graft recipient. The data are representative of two independent experiments.

yielded CD11b+ and CD11b− CD11chigh DCs. This suggests
that local spleen-resident precursors, such as MDPs, might
replenish the CD11chigh DC population without a monocytic intermediate.
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In most current schemes of myeloid differentiation, the
blood monocyte appears as a “one-way intermediate” from
the BM to the periphery (11). A most intriguing finding of
our studies is, however, that blood monocytes efficiently
home back to the BM (Fig. S1). Thus, after IBC transfer of
MDPs, we unexpectedly retrieved graft-derived cells from
the noninjected contra-lateral bone. Using IBC and i.v. engraftment of Gr1high BM monocytes, we directly showed that
this cell population is responsible for the inter-BM translocation. The i.v. transfer of blood monocytes further revealed
that the BM homing potential is inherent to all Gr1high monocytes. We previously reported that Gr1high blood monocytes
are dedicated to migrate to sites of inflammation but in the
absence of the latter disappeared from the circulation of recipient mice (15). Our present results strongly suggest that
the grafted Gr1high inflammatory monocytes in these studies
had shuttled back to the BM. Furthermore, they might also
provide an explanation for the reported loss of grafted monocytes in other studies (16). Importantly, Gr1high BM and
blood monocytes that returned to the BM converted into
Gr1low monocytes and contributed further to MP generation
(see below). Peripheral blood monocyte shuttling to the BM
likely plays a role in antigen acquisition (43). Furthermore, it
will have to be taken in consideration when interpreting the
results of parabiosis experiments. Murine blood monocytes
ingest Listeria monocytogenes upon in vivo challenge and critically contribute to dissemination of the bacteria to the brain
(48). Moreover, circulating phagocytes have been implied in
the systemic spreading of Salmonella typhimurium after oral
challenge (49). Blood monocyte shuttling to the BM could
be exploited by pathogens to reach this immuno-privileged
compartment and establish persistent infection or latency.
Sunderkotter et al. (16) reported that Ly6Chigh blood
monocytes differentiate into Ly6Clow monocytes. Together
with the identification of a Ly6Cmid CCR7+ CCR8+ monocyte subset in the blood, this led to the suggestion that monocyte conversion occurs within the circulation (16, 20). Our
Gr1 (Ly6C/G)high BM and blood monocyte transfer studies
provide further direct evidence that this monocyte subset acts
as an efficient precursor pool of Gr1low BM and blood monocytes. However, given the kinetics of the BM monocyte subset appearance after IBC transfer and the efficient BM homing
of the i.v injected Gr1high monocytes, our results suggest that
the BM is a major site of monocyte conversion. This could
also explain the reported transient loss of fluorochromelabeled Ly6Chigh blood monocytes and their reappearance as
Ly6Clow cells (16).
We recently noted that adoptively transferred monocytes
fail to differentiate into splenic DCs (10). We have now substantiated this observation by using the conditional depletion
of splenic host DCs, thereby boosting replenishment of the
DC compartment by grafted cells. Strikingly, adoptively
transferred monocytes efficiently seeded the recipient spleen
with CD11cint progenies but did not give rise to splenic CD11chigh DCs. In contrast, in the same MP-depleted mice, the
grafted Gr1high monocytes efficiently reconstituted the small
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inflammation, the previously reported Gr1high inflammatory
monocyte subset (15) homes back to the BM, recycles, and
takes further part in MP differentiation. Third, and most importantly, our data together with other recent studies (10,
34–36) establish that the spleen relies on a distinct nonmonocytic DC precursor input. In contrast, nonlymphoid tissues
including the intestinal lp, lung, and epidermis—possibly
most peripheral tissues—are seeded by monocytes for renewal of DCs. At least in some cases, however, the role of
monocytes in reseeding tissue DCs is subordinate to local
self-renewal (7).
Maintenance of most peripheral MPs is believed to require continuous replenishment from the BM. This includes
the short-lived DC compartment (37), but also MΦs. However, the latter (38–40) and, more recently, splenic DCs (34,
41) were also reported to be capable of limited self-renewal.
The link between the BM and peripheral MΦs or DCs is
thought to be provided by circulating blood monocytes
(Fig. S1, available at http://www.jem.org/cgi/content/full/
jem.20061011/DC1). Despite this critical position in the MP
differentiation pathway, the in vivo biology of this ephemeral
MP intermediate (13, 15, 16, 35, 42, 43) remains poorly understood. Based on the expression of the chemokine receptors CX3CR1 and CCR2, human and murine peripheral
blood monocytes can be subdivided into two major populations (11). Furthermore, studies in the mouse suggested that
these subsets are functionally distinguishable in that inflammatory CX3CR1low CCR2+ Gr1 (Ly6C/G)high monocytes
are preferentially recruited to sites of tissue damage, whereas
CX3CR1high Gr1(Ly6C/G)low cells extravasate spontaneously
to resting tissues (15). Beyond this dichotomy, “monocytes”
are likely to include additional minor subpopulations, as suggested by the recent identification of the Ly6Cmid CCR7+
CCR8+ subset (16, 20), as well as subsets with novel proangiogeneic activities (44, 45).
Monocytes are known to originate in the BM from a
granulocyte-myeloid precursor (9). More recently, we identified a BM-resident clonotypic MP progenitor that, as opposed to a granulocyte-myeloid precursor, lost the potential
to differentiate into granulocytes. Instead, when cultured under the appropriate in vitro conditions or transferred into recipient mice, the CX3CR1+ CD117+ lin− cells expanded
and gave rise exclusively to MΦs and DCs. They were hence
named MDPs for MΦ/DC precursors (10). We now investigated the potential of MDPs to differentiate within their native BM microenvironment. Using IBC transfer, we showed
that the CD11b− Gr1 (Ly6C/G)− MDPs differentiate into
CD11b+ Gr1(Ly6C/G)high and CD11b+ Gr1(Ly6C/G)low
BM monocytes, which have been previously reported and are
potentially able to differentiate into MPs (46, 47). The IBC
transfer also allowed the detection of graft-derived peripheral
blood monocytes. These data, together with the results obtained from subsequent IBC transfers of the Gr1high BM
monocyte intermediate, document a sequence of myeloid
differentiation from a BM-resident precursor via BM-resident
intermediates to circulating blood monocytes (Fig. S1).
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Animals. This study involved the use of WT, heterozygote mutant
CX3CR1+/gfp (18), and CD11c-DTR transgenic mice (B6.FVB-Tg [ItgaxDTR/GFP] 57Lan/J; reference 24), all of which were backcrossed against a
C57BL/6 background. All whole body imaging was performed on CD1 nude
recipients. Recipient mice that constitutively lack CD11chigh MPs will be described elsewhere. Mixed [DTR®WT] BM chimeras for conditional MP
ablation were generated as reported previously (29). In brief, C57BL/6 WT
mice were exposed to a single lethal dose of 950 rad total body irradiation,
followed by i.v. transfer of 5 × 106 CD11c-DTR transgenic BM cells. The
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mice were allowed to rest for 8 wk before use. For systemic MP depletion,
DTR transgenic BM chimeras were inoculated intraperitoneally every other
day with DTx (D-2918; Sigma-Aldrich) at 8 ng/g body weight (29). For pulmonary MP depletion, we intratracheally installed 100 ng DTx (26 and unpublished data). Peritoneal sterile inflammation was induced by injection of
thioglycollate (Diffco). All mice were maintained under specific pathogenfree conditions and handled according to protocols approved by the Weizmann
Institute Animal Care Committee as per international guidelines.
Isolation of MDP and BM monocyte precursor grafts. BM cells were
harvested from the femora and tibiae of CX3CR1GFP/+ CD45.1 mice and
enriched for mononuclear cells on a Ficoll density gradient. The cells were
then immunostained with anti–CD117-PE, anti–CD11b-PECy7/PerCP,
and anti–Gr1-APC fluorochrome–conjugated antibodies. MDP cells were
identified as CX3CR1 (GFP), CD117 (cKit) positive cells negative for
CD11b and Gr1 markers. These cells were purified by high speed sorting
using a FACS Aria (Becton Dickinson) and injected i.v. into congenic
CD45.2 WT mice or DTx-treated mixed [DTR®WT] BM chimeras.
Gr1high BM monocytes were isolated by high speed sorting of the
Gr1highCD11b+CD115+ BM cell fraction. For IVIS and intravital microscopy experiments, the monocyte graft was isolated through MACS enrichment using biotinylated anti-CD115 antibodies and streptavidin-coupled
magnetic beads (Miltenyi Biotec).
Adoptive transfer procedure. If not indicated otherwise, 0.2 ml PBS
containing the respective cell populations was injected into the tail vein. For
spleen and IBC transfer, mice were anesthetized with a mixture containing
15% xylazin (20 mg/ml; Vitamed) and 85% ketaset (100 mg/ml; Fort Dodge
Animal Health). Cells were injected directly into the spleen (20 μl vol) or
into the BM cavity ( 5 μl vol) using a U-100 insulin syringe (with a 30-G
needle; Becton Dickinson). For IBC transfer, the knee side of the femur was
pierced in advance with a 27-G 1/2 needle.
Analysis of recipient mice and flow cytometry. lp cells were isolated as
described previously (27). Fluorochrome-labeled monoclonal antibodies were
purchased from BD Biosciences or eBioscience and used according to the
manufacturer’s instructions. Cells were analyzed with a FACSCalibur cytometer (Becton Dickinson) using CELLQuest software (Becton Dickinson).
Whole body and fluorescent imaging. Isolated monocytes were labeled
ex vivo with the near infrared lipophilic carbocyanine dye 1,1′-dioctadecyl3,3,3′,3′-tetramethylindotricarbocyanine iodide (DiR; Invitrogen) for 1 h
(21). Labeled cells were injected i.v. into CD1 nude mice. DiR-labeled
monocyte localization within the intact animal, as well as isolated within
organs, was assessed using the IVIS 100 Series Imaging System (Xenogen). The
excitation (Ex) and emission (Em) filter sets were 710–760 and 810–760 nm,
respectively. For intravital microscopy imaging, monocytes were labeled
with the intracellular fluorescent dye, CFSE (Invitrogen). Monocytes in the
cranium were visualized using a Zoom Stereo Microscope SZX-RFL-2
(Olympus) equipped with a fluorescence illuminator and a CCD camera
Pixelfly QE (PCO). The Ex and Em filter for fluorescence in the visual
spectrum were: Ex 460–490/ Em 510–550 nm (green channel) and Ex 520–
550 nm/Em 580–630 nm (red channel). The Ex 710–750/Em 780–830 nm
filter set was used for fluorescence in the near-infrared spectrum. Images
were acquired using camera-controlling software (Camware; PCO) with
ImageJ 1.330 software.
Online supplemental material. Fig. S1 shows a scheme summarizing
our current understanding of the origins and context-dependent fate of
murine monocyte subsets. It is available at http://www.jem.org/cgi/content/
full/jem.20061011/DC1.
We thank Drs. R. Alon, Y. Pewzner-Jung, and A. Mahler for critical reading of the
manuscript; R. Krauthgamer, E. Ariel, and A. Sharp for help with flow cytometry;
and Y. Chermesh and O. Amram for animal husbandry.
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intestinal lp with lpDCs and lpMΦs (27). Furthermore,
grafted Gr1high monocytes also gave rise to DCs in another
nonlymphoid tissue, the lung. Importantly, the conversion of
Gr1high monocytes into Gr1low cells precludes drawing the
conclusion that the Gr1high monocyte subset is the direct precursor of the intestinal and lung DCs in the present study.
Notably, Yrlid et al. (17) recently reported that in the rat, the
CCR2neg monocyte subset has the potential to differentiate
into intestinal lymph DCs (17), and we observed the generation of lung DCs from adoptively transferred fractionated
Gr1low blood monocytes (unpublished data).
Recent studies indicate that steady-state DC maintenance
in lymphoid organs might be independent of monocyte input, and that spleen DCs have the potential for self-renewal
or rely on local precursors (34, 41). The i.v. and intra-splenic
transfer of MDPs shows that BM MDPs can give rise to
splenic CD11chigh DCs, including both CD11b+ and CD11b−
cells. These findings suggest that spleen-resident precursors
might give rise to steady-state DCs in the spleen without a
monocytic intermediate. Interestingly, such a cell with DC
differentiation potential has recently been reported by Naik
et al. (36), and it will be important to establish the link of
these so-called “pre-cDCs” to the MDP.
The heterogeneity of the body-wide MΦ/DC network
and the emerging differential in vivo functions of distinct
MΦ/DC subsets (24, 50) suggest that manipulation of the MP
system might be of therapeutic value. Rather than transferring
terminally differentiated MPs, which cannot faithfully be generated in vitro and are unlikely to reach the desired physiological microenvironment, MP system manipulation could rely
on precursor differentiation in their physiological context.
Such strategies will, however, require an in-depth understanding of the underlying MP differentiation pathways. In
our study, we have established two sequences of in vivo MP
differentiation using recipient mice in which we conditionally
ablated defined MPs in lymphoid and nonlymphoid organs.
We show that adoptively transferred MDPs (10) can reconstitute DCs in the spleen and intestinal lp, whereas engraftment
with monocytes allows efficient seeding of nonlymphoid tissues
with MΦs and DCs. Importantly, grafted Gr1 (Ly6C/G)high
monocytes efficiently home to the BM and enter physiological differentiation pathways. Combined with the recent
progress in our understanding of the molecular checkpoints of
MP precursor differentiation (51–54), genetically modified
precursor grafts might allow the development of strategies for
the manipulation of the peripheral MP pool.
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Figure S1. Summary of origins and context-dependent fate of murine monocytes. In this
study, we establish MDPs as in vivo precursors of Gr1low and Gr1high BM and blood
monocytes. Gr1high monocytes can differentiate in the BM into Gr1low monocytes. However, it
remains to be determined whether they are an obligatory intermediate for Gr1- monocyte
generation and whether the conversion to Gr1low monocytes is restricted to the bone marrow.
Once released into the blood, Gr1high monocytes have three potential fates: (a) to return to the
BM and contribute to the generation of Gr1- monocytes and potentially BM-resident and
peripheral MPs; (b) to be recruited by chemokines, such as MCP-1, and to sites of
inflammation, including the skin (Palframan, R.T., S. Jung, G. Cheng, W. Weninger, Y. Luo,
M. Dorf, D.R. Littman, B.J. Rollins, H. Zweerink, A. Rot, and U.H. von Andrian. 2001. J.
Exp. Med. 194:1361–1373; and Geissmann, F., S. Jung, and D.R. Littman. 2003. Immunity.
19:71–82); and (c) to contribute to the replenishment of intestinal and lung lamina propria
MPs, including MΦs and DCs. Importantly, the conversion of Gr1high monocytes into Gr1low
cells precludes drawing the conclusion that Gr1high monocyte subsets are direct precursors of
the intestinal and lung DCs. Notably, the CCR2- rat monocyte subset (Yrlid, U., C.D. Jenkins,
and G.G. MacPherson. 2006. J. Immunol. 176:4155–4162) and the murine Gr1low blood
monocytes have the potential to give rise to DCs (unpublished data). We show that monocytes
that home to the spleen give rise to CD11cint cells but fail to differentiate in the absence of
inflammation into CD11chigh DCs. Instead, DC maintenance in this organ seems in resting
state to rely on local precursors, such as MDPs or the recently identified pre-cDCs (Naik, S.H.,
D. Metcalf, A. van Nieuwenhuijze, I. Wicks, L. Wu, M. O’Keeffe, and K. Shortman. 2006.
Nat. Immunol. 7:663–671), which differentiate without a monocytic intermediate into CD8α+
and CD11b+ DCs.
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Abstract
The intestinal immune system is pivotal in the discrimination of harmful and innocuous
exogenous signals responding robustly to pathogens, yet remaining tolerant to the
commensal microflora. Maintenance of this critical balance is attributed to mucosal
dendritic cells (DCs) that reside in organized lymphoid tissue but also dispersed in the
connective tissue underlying the single epithelial layer. While these lamina propria DCs
(lpDCs) are prominently exposed to environmental signals, their origins and functional
organization remains poorly understood. Here we used a combination of conditional cell
ablation and precursor-mediated in vivo reconstitution to establish that the two reported
main lpDC subsets have distinct origins and functions. CD11bneg lpDCs arose without
monocytic intermediates from Macrophage/DC precursors (MDPs) through a Flt3Lmediated pathway. CD11bhi lpDCs were derived from grafted Ly6Chi but not Ly6Clo
monocytes under the control of GM-CSF, and underwent massive clonal expansion in
the lamina propria. Mice reconstituted exclusively with monocyte-derived CD11bhi lpDCs
when challenged in an innate colitis model developed severe intestinal inflammation that
was driven by graft-derived TNFα-secreting CD11bhi lpDCs. Our results highlight the
critical importance of the CD11bhi / CD11bneg lpDC balance for robust gut homeostasis.
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Introduction
Mononuclear phagocytes, including macrophages (Mφ) and dendritic cells (DCs) are
critically involved in the maintenance of tissue integrity, as well as in the initiation and
control of innate and adaptive immunity. The need for these activities is particularly clear
in the mammalian intestinal mucosa, which is separated by a single columnar epithelial
cell layer from the gut lumen (Artis, 2008). Specifically, the intestinal immune system has
to maintain tolerance to harmless food antigens and commensal microorganisms, yet
robustly respond to harmful pathogens. Dysregulation of this balance results in
uncontrolled inflammatory disorders, such as Inflammatory Bowel Disease (IBD) in
humans (Xavier and Podolsky, 2007).
Intestinal mononuclear phagocytes are distributed in organized lymphoid organs,
such as the Peyer's Patches (PP) and Mesenteric lymph nodes (MLNs), as well as
isolated lymphoid follicles (ILFs). Moreover, both Mφ and DCs are also highly abundant
in the loose connective tissue, which underlies the epithelium, the lamina propria
(Coombes and Powrie, 2008; Iwasaki, 2007). CD11chi lamina propria DCs (lpDCs) first
aroused attention when they were shown to penetrate epithelial tight junctions to sense
and sample the gut lumen (Niess et al., 2005; Rescigno et al., 2001). More recent
studies have highlighted unique additional features of these cells. Retinoic acidproducing CD103hi lpDCs were reported to imprint α4β7 and CCR9 expression on naïve
T and B cells to establish gut tropism, as well as to induce FoxP3+ T regulatory cells
(Coombes and Powrie, 2008). The second prominent lpDC population of CD11bhi cells
was found to promote TGFβ-dependent TH1 and TH17 differentiation (Denning et al.,
2007; Uematsu et al., 2008). TH17 production is also supported by a CD70+ CD11b+
lpDC subset driven by microflora-derived ATP (Atarashi et al., 2008). Furthermore,
TLR5+ CD11b+ lpDCs were shown to drive the IgA class switch recombination of B cells
through provision of APRIL (Uematsu et al., 2008). Notably, these functional assays
were performed ex vivo and it hence remains unclear whether lpDCs act upon migration
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to the local draining MLN (Worbs et al., 2006). Alternatively, but not mutually exclusive,
some resident lpDCs (Jaensson et al., 2008) could display these activities also within the
lamina propria itself, as proposed for lpDCs driving T cell-independent IgA production
(Uematsu et al., 2008).
While these studies highlight the existence of functionally distinct lpDC subsets, the
phenotypic classification of lpDC subsets based on only CD103 and CD11b expression
remains unsatisfactory. Given the recent progress in our understanding of the origins of
conventional DCs (Fogg et al., 2006; Liu et al., 2007; Naik et al., 2006; Onai et al., 2007;
Varol et al., 2007; Waskow et al., 2008), we sought to investigate the functional
organization of the lpDC compartment by probing the in vivo origin of lpDCs using a
combination of conditional cell ablation and engraftment with defined DC precursors,
including MDPs and monocytes (Fogg et al., 2006; Geissmann et al., 2003; Varol et al.,
2007).
Here we report the differential origin of the two main lamina propria DC subsets.
CD11bneg lpDCs arose, without monocytic intermediates, from MDPs through an Flt3Ldriven pathway. In contrast, CD11bhi lpDCs were exclusively derived from Ly6Chi but not
Ly6Clo monocytes in a GM-CSF-controlled manner. Interestingly, during the
reconstitution process CD11bhi lpDCs underwent massive clonal expansion in the lamina
propria layer. Finally, we provide evidence that mice lacking CD11bneg lpDCs are
uniquely sensitive to DSS-induced colitis due to the propensity of CD11bhi lpDCs to
secrete TNFα. Our data thus highlight the importance of a critical balance between
CD11bneg and CD11bhi lpDCs for tissue repair and gut homeostasis.

Results
Phenotypic characterization of intestinal lamina propria dendritic cell subsets.
Recent studies suggest that CD11c hi lamina propria dendritic cells (lpDCs) of the mouse
intestine are divided into two main CD11bneg CD103hi and CD11bhi CD103lo subsets
(Coombes et al., 2007; Denning et al., 2007; Jang et al., 2006; Sun et al., 2007;
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Uematsu et al., 2008). To further characterize the composition of the lpDC subsets of the
small and large intestine we took advantage of Cx 3cr1GFP/+ mice, in which one allele of
the gene encoding the CX3CR1 chemokine receptor has been replaced with a Green
Fluorescent Protein (GFP) gene (Jung et al., 2000). Notably, in both the colon and ileum
of Cx3cr1GFP/+ mice (Figs. 1, S1A), CD11chi CD11bneg lpDCs were homogeneously
CX3CR1/GFPneg, whereas CD11chi CD11bhi lpDCs could be further divided into three
distinct subsets according to size and CX3CR1/GFP expression: FSChi CX3CR1/GFPhi,
FSCint CX3CR1/GFPlo, and FSClo CX3CR1/GFPneg cells (Fig. 1). In support of earlier
findings (Denning et al., 2007; Jang et al., 2006; Sun et al., 2007), CD11bneg and
CX3CR1/GFP+ CD11bhi lpDCs differed considerably with respect to surface marker
expression. CD11bneg lpDCs were CD103hi CD14neg CD8lo, whereas CX3CR1/GFP+
CD11bhi lpDCs (G4 and G5) were CD103neg-lo CD14hi CD8neg. The latter subsets also
expressed higher levels of the co-stimulatory molecules CD80 and CD86. Interestingly,
the phenotypic profile of the CD11bhi CX3CR1/GFPneg lpDC subset was more similar to
the CD11bneg lpDC population than to the other two CD11bhi CX3CR1/GFPlo-hi subsets, as
these cells were CD103hi and CD14neg (Fig. 1, Supplementary Table). Flow cytometric
analysis of isolated villi confirmed the existence of both CD11bneg and CD11bhi lpDCs in
the lamina propia (Fig. S1B).

Differential origin of CD11bhi and CD11bneg lpDCs. Using conditional DC ablation and
a complementary adoptive precursor cell transfer strategy we previously showed that
grafted Cx 3cr1GFP/+ Ly6Chi monocytes differentiate in the ileal lamina propria of DCdepleted recipient mice into CD11chi cells (Varol et al., 2007). The ablation system used
in these studies involved CD11c:DTR transgenic mice that carry a human diphtheria
toxin receptor (DTR) transgene under the murine CD11c promoter, allowing the inducible
ablation of CD11c hi DCs (Jung et al., 2002). Bone marrow (BM) chimeras generated
through reconstitution of lethally irradiated WT recipient mice with CD11c-DTR
transgenic BM tolerate repeated DTx injection without adverse side effects, allowing for
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prolonged DC ablation without major inflammation (Zaft et al., 2005). In our original
study, most of the monocyte-graft derived cells were CX3CR1/GFPhi but the grafts also
gave rise to a minor population of CX3CR1/GFPlo cells (Varol et al., 2007). In light of the
above refined characterization of the lpDC compartment, we revisited the ablation/
reconstitution strategy and performed comprehensive adoptive transfers of CD45.1
Cx3cr1GFP/+ precursor cells into DC-depleted recipients (CD45.2). DTx treatment of
[CD11c-DTR > WT] chimeras resulted in the depletion of all CD11chi lpDC subsets, while
the population of CD11cneg-lo CD11bhi lpMΦ remained unaltered (Fig. 2A). Interestingly,
flow cytometry analysis of the recipient’s colonic lamina propria at day 14 post transfer
revealed that Cx3cr1GFP/+ Ly6Chi monocytes differentiated into CD45.1+ CD11bhi but not
into CD11bneg lpDCs. Moreover, Ly6Chi monocytes gave rise to CX3CR1/GFPhi and
CX3CR1/GFPlo but not CX3CR1/GFPneg CD11bhi lpDCs (Fig. 2B). Ly6Chi monocytederived CD11bhi lpDCs featured surface marker comparable to that of the corresponding
steady state lpDC population, including CD14 and CD80 (Fig. 2B). These results
establish that Ly6Chi monocytes are precursor cells of CX3CR1-expressing CD11bhi
lpDCs, but not the CD11bneg lpDCs. To elucidate the in vivo origin of the latter
population, we adoptively transferred Macrophage/ DC precursors (MDPs) (Fogg et al.,
2006) into DC-depleted mice (CD45.2). Flow cytometric analysis of the recipients’
colonic lamina propria two weeks following transfer revealed that the MDP graft, isolated
from Cx3cr1GFP/+ CD45.1 mice, reconstituted both CD11bneg and CD11bhi lpDCs, including
the CX3CR1/GFPneg CD11bhi lpDC subpopulation (Fig. 2C). Flow cytometry analysis of
the MDP-derived CD11bneg lpDCs confirmed their phenotypic resemblance to the steady
state CD11bneg lpDC population (Fig. 2C). Analysis of the ileal lamina propria of Ly6Chi
monocyte recipients yielded similar results, while the ileum of MDP recipients showed
more CX3CR1/GFPint CD11bhi than CX3CR1/GFPhi CD11bhi lpDCS (Fig. S2A, B).
Interestingly, adoptively transferred Ly6Clo monocytes failed to reconstitute lpDCs both in
the colon and ileum of DC-depleted mice (Fig. S2A and data not shown). Notably,
however, the cells gave rise to DCs in the Peyer’s Patches although these cells were
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morphologically distinct (Fig. S2C, D). The flow cytometry analysis was paralleled by
fluorescent microscopical imaging for the presence of progeny derived from the various
Cx3cr1GFP/+ precursors. At day 14 following the engraftment of lpDC-depleted mice with
Ly6Chi monocytes or MDPs, but not Ly6Clo monocytes, graft-derived CX3CR1/GFPhi cells
were readily detectable in the lamina propria of both colon and ileum (Figs. S3A, B).

CD11bneg lpDC generation is Flt3-dependent, while CD11bhi arise through a GMCSF governed pathway. The finding that CD11bneg and CD11bhi lpDCs rely on distinct
precursor cells for their reconstitution implies that these two lpDC populations have a
distinct ontogeny. Recent data highlight the critical role of GMCSF and Flt3L in DC
differentiation pathways (Daro et al., 2000; Hieronymus et al., 2005; Karsunky et al.,
2003; Miller et al., 2003; Miller et al., 2002; Waskow et al., 2008). To elucidate the
involvement of these factors in the generation of CD11bneg and CD11bhi lpDCs we
analyzed the potential of GMCSF-R-/- and Flt3-/- precursor cells to give rise to the two
lpDC subsets. Analysis of the lamina propria of the respective mutant mice revealed a
reciprocal effect on the distribution of the CD11bneg and CD11bhi lpDCs (Fig. S4A). To
compare the contribution of the respective cytokine receptor-deficient lpDCs to WT
lpDCs within the same animal, we generated mixed BM chimeras with WT and GMCSFR-/- or Flt3-/- BM that could be distinguished according to an allotypic CD45 marker
(Mackarehtschian et al., 1995; Robb et al., 1995). Flow cytometry analysis of the mixed
chimeras revealed specific decreased levels of CD11bhi and CD11bneg lpDCs in the
GMCSF-R-/- and Flt3-/- lpDC populations, respectively. The corresponding WT lpDC
populations were unskewed indicating that the effects of the respective deficiencies are
cell intrinsic (Fig. 3A).
To validate these findings, we tested the effect of excess GMCSF and Flt3L levels on
the lpDC distribution. To this end we inoculated WT mice with B16 tumor cells genetically
manipulated to express GMCSF (B16-GMCSF) or Flt3L (B16-Flt3L) (Mach et al., 2000).
Flow cytometry analysis revealed a profound increase of the CD11bhi lpDC subset

7

specifically in B16-GMCSF bearing mice, whereas B16-Flt3L bearing mice displayed an
expansion of the CD11bneg lpDC subset (Fig. 3B), as compared with mice harboring the
parental B16 tumor.
To further investigate the effects of GM-CSF or Flt3L on lpDC precursors we
performed a transient depletion of lpDCs in CD11c-DTR mice and allowed for selfreconstitution of the lpDC compartment from endogenous precursors. For ten days the
mice received daily i.p. injections of supernatants isolated from B16, B16-GMCSF or
B16-Flt3L cultures. Exposure of the mice during the reconstitution phase to exogenous
GM-CSF and Flt3L skewed the lpDC balance towards the CD11bhi and CD11bneg colonic
lpDCs, respectively (Fig. S4B). Cumulatively, these results suggest that the generation
of monocyte-derived CD11bhi lpDCs is controlled by GM-CSF, whereas CD11bneg lpDCs
originate in a Flt3L-driven pathway.

Ly6Chi monocyte-derived CD11bhi lpDCs arise through clonal expansion.
Fluorescent microscopy analysis of DC-depleted Ly6Chi monocyte recipients revealed
the progressive replenishment of the lamina propria by CX3CR1/GFP+ cells in both colon
and ileum from day 2 to day 14, after which they gradually disappeared (Fig. 4A, B). In
the ileum the number of graft-derived CX3CR1/GFP+ lpDCs gradually increased from an
average of 1 to 2 cells/ villus at day 2 up to nearly full reconstitution at day 14,
suggesting that lpDCs might have undergone proliferation (Fig. 4B). In support of this
notion, adoptively transferred CFSE-labeled CD45.1 Ly6Chi monocytes differentiated into
CD11chiCD11bhi lpDCs already at day 2, but gradually lost CFSE only from day 4 on,
indicating cell division (Fig. 4C). Using fluorescent video endoscopy similar
replenishment kinetics were detected in individual Ly6Chi monocyte recipients over time
(Supplementary movie 1).
Notably, the transfer of Cx3cr1GFP/+ monocytes and MDPs consistently resulted in a
patchy reconstitution of the recipient’s villi (Fig. 5A). This repopulation pattern could be
explained by an uneven recruitment of lpDC precursors to specific villi due to local
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chemokine gradients or, alternatively, by clonal expansion of single monocyte-derived
cells that seeded given villi. To investigate the latter option we performed an adoptive
transfer with a monocyte graft consisting of a 1:1 mixture of cells that give rise to either
green fluorescent lpDCs (Cx3cr1GFP/+ monocytes) or to red fluorescent lpDCs (CD11cCre:R26tdRFP monocytes) (Caton et al., 2007; Luche et al., 2007). Interestingly, this
mixed graft resulted in the generation of villi that were, by large, exclusively repopulated
by green or red fluorescent lpDCs (Fig. 5B). Moreover, even in cases where villi were
seeded by both tdRFP+ and GFP+ lpDCs, the two distinctly labeled populations were
organized into clusters, suggesting clonal expansion. Discrete GFP and tdRFP-positive
patches in the lpDC network were also observed in other regions, such as colon,
duodenum, jejunum and cecum (Fig. 5C and data not shown). Adoptive transfer of
mixed monocyte grafts into DTx-treated non-chimeric CD11c-DTR recipients yielded
similar results, excluding the possibility that the observation was related to the irradiation
of the recipients (Fig. S6A, B). Collectively, these findings establish that in our
experimental system, individual villi are seeded with a limited number of circulating
monocytes and that the resulting monocyte-derived lpDCs arise through proliferative
expansion.

Grafted Ly6Chi monocyte-derived lpDCs restore DC functions. Small intestinal lpDCs
are uniquely able to penetrate the intestinal epithelial monolayer and send transepithelial dendrites (TEDs) towards the gut lumen to sense or sample luminal pathogens
(Chieppa et al., 2006; Niess et al., 2005; Rescigno et al., 2001; Vallon-Eberhard et al.,
2006). TED formation hence serves as a unique feature of lpDCs. TEDs of CD11bhi
Cx3cr1GFP/+ lpDCs can be visualized in the lamina propria of untreated mice (Niess et al.,
2005; Vallon-Eberhard et al., 2006) and their formation can be boosted by gavage with
TLR-ligands and pathogens (Vallon-Eberhard, unpublished observation). To analyze
graft-derived DCs for TED formation, we challenged DTx-treated [CD11c-DTR > wt] BM
chimeras that had received a monocyte graft orally with the TLR7 ligand imiquimod.
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Microscopic analysis of the terminal ileum of these mice revealed that the monocytederived cells formed frequent TEDs that crossed the epithelial monolayer (Fig. 6A).
To assess further functions of the graft-derived CD11bhi lpDC we tested their ability to
promote the uptake of pathogenic bacteria. We recently showed that the intestinal
virulence of the Salmonella typhimurium SL1344 invG mutant strain, which lacks a
functional type 3 secretion system, critically requires lpDCs for transepithelial invasion
(Hapfelmeier et al., 2008). Indeed, DTx-treated [CD11c-DTR > wt] mice featured a
markedly reduced intestinal Salmonella uptake. Notably, this uptake of mutant Salmonella
in the colon was reconstituted in DC-depleted mice that had received a monocyte graft
(Fig. 6B).
Flow-cytometric and microscopic analysis revealed that the grafted Ly6Chi
monocytes also gave rise to CD11bhi DCs in MLNs (Fig. S7). We therefore next
investigated the functional role of graft-derived DCs in T cell priming in this gut-associated
secondary lymphoid organ. To this end we adoptively transferred ovalbumin-specific TCR
transgenic CD4+ T cells (OT-II) (Barnden et al., 1998) into untreated and lpDC-depleted
recipient mice. The T cell graft carried an allotypic marker (CD45.1) and was labeled with
CFSE to allow detection in the CD45.2 host and assessment of in vivo proliferation. Flow
cytometry analysis of MLNs revealed that the grafted T cells readily proliferated upon oral
ovalbumin challenge in the WT mice, whereas T cell expansion was abrogated in DTxtreated [CD11c-DTR > wt] BM chimeras. Restoration of the DC pool by prior transfer of
Ly6Chi monocytes reconstituted the CD4+ T cell priming (Fig. 6C). Taken together, these
results establish that Ly6Chi monocytes differentiate in the intestinal lamina propria and in
the associated lymphoid tissue into functional DCs.

Impaired balance between CD11bhi and CD11bneg lpDCs predisposes to
development of colitis. LpDCs are considered critical players in the maintenance of gut
homeostasis. In addition, defective lpDC functions and hyper-responsiveness to
microflora are considered a major potential cause for initiation and progression of IBD
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(Coombes and Powrie, 2008). As mentioned above, reconstitution of DTx-treated
[CD11c-DTR > wt] mice with monocyte grafts resulted in a pronounced imbalance of the
CD11bhi versus the CD11bneg lpDC subsets (Fig. 2B). Histological analysis of colonic
tissue isolated from lpDC-depleted mice and animals reconstituted by monocyte grafts
revealed no signs of inflammation (Fig. S8). To probe for the impact of this distortion on
the robustness of gut homeostasis, we challenged DC-depleted monocyte recipients by
oral administration of dextran sulfate sodium (DSS). This established chemical-induced
colitis model is characterized by ulceration and submucosal inflammation, which is
provoked by disruption of the epithelial barrier and exposure to luminal microbiota
(Okayasu et al., 1990). Notably, if DSS is given transiently and at low doses, WT mice
tolerate the acute DSS-inflicted damage and the critical epithelial integrity is restored
(Cooper et al., 1993). To study the role of the CD11bhi / CD11bneg lpDC balance on the
initiation phase of colitis, DC-depleted or monocyte-reconstituted mice received DSS
(1%) in their drinking water for one week and were then analyzed by colonoscopy and
histology for colitis severity (Fig. 7A).
Upon DSS challenge, all mice that were not DC-depleted, persistently DC-depleted or
transiently DC-depleted and left to self-reconstitute both CD11bhi and CD11bneg lpDCs,
developed only mild intestinal inflammation. In contrast, mice reconstituted with
monocytes exhibited hallmarks of severe colitis, including a highly-distorted vascular
pattern, increased mucosal granularity, massive fibrin deposition, diffuse ulceration and
spontaneous bleeding, as evaluated and quantified by colonoscopy (Becker et al., 2006;
Becker et al., 2005) (Figs. 7B, C, Supplementary movie 2). Histology examination
showed wide spread colitis lesions exclusively in mice reconstituted with WT monocytes
(Fig. 7D). These results suggest that monocyte-derived CD11bhi lpDCs display proinflammatory properties that impede tissue repair and highlight the importance of the
lpDC balance for robust gut homeostasis. This notion is further supported by the fact that
also mice whose lpDC compartment was skewed towards CD11b+ lpDCs due to the Flt3
deficiency were found more susceptible to DSS-induced colitis (Fig. S9).
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Anti-TNFα treatment ameliorates disease progression in humans with IBD and
murine colitis models (Abe et al., 2007; Berndt et al., 2007; Garrett et al., 2007) and this
cytokine might also be responsible for the pro-inflammatory activity in our system. To
specifically test the involvement of monocyte-derived TNFα-producing CD11b+ lpDCs we
reconstituted lpDC-depleted mice with TNFα-deficient monocytes (Pasparakis et al.,
1996). In contrast to WT monocyte recipients, mice engrafted with TNFα-/- monocytes
develop only mild colitis upon DSS treatment, similar to conrol animals that did not
receive any graft (Fig. 7B, C, D). To confirm the lpDC reconstitution by the TNFα-/lpDCs, we took advantage of the fact that intestinal IL-12 p40 expression is in steady
state restricted to lpDCs (Becker et al., 2003). Consistent with this notion IL-12 p40
transcripts were undetectable by RT-PCR analysis in DC-depleted colons (Fig. 7E).
Notably, however, IL-12 transcripts were readily detected in colonic tissue of mice that
were allowed to self-reconstitute or reconstituted with WT or TNFα-/- monocyte-derived
lpDCs (Fig. 7D). Cumulatively, these findings highlight the importance of a balanced
lpDC compartment and establish that Ly6Chi monocyte-derived CD11bhi lpDCs
exacerbate colitis by secreting the pro-inflammatory cytokine TNFα.

Discussion
In our experiments we used a combination of conditional cell ablation and
precursor cell engraftment to investigate the origin and function of murine intestinal
CD11chi lamina propria DCs (lpDCs) in in vivo context. We demonstrate that CD11bneg
lpDCs originate without a monocytic intermediate from Macrophage/ DC precursors
(MDPs) (Fogg et al., 2006), a process that is uniquely driven by Flt3L. In contrast,
CX3CR1+CD11bhi lpDCs derived from Ly6Chi but not Ly6Clo monocytes, promoted by
GM-CSF and involving extensive local DC expansion in the mucosa. Functionally, our
results highlight the critical importance of the balance between CD11bneg and CD11bhi
lpDCs for robust intestinal homeostasis. Thus, when challenged in an acute DSS-
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induced colitis model, mice that harbored exclusively monocyte-derived CD11bhi lpDCs
failed to cope with the epithelial damage and developed severe intestinal inflammation, a
process that was dependent on CD11bhi lpDC secretion of TNFα.
Recent studies have established that the murine small intestinal lamina propria
compartment contains two major CD11chi DC subsets: CD11bneg CD103hi and CD11bhi
CD103neg/lo cells (Denning et al., 2007; Jang et al., 2006; Sun et al., 2007; Uematsu et
al., 2008). Our present examination of the ileal and colonic lamina propria of Cx3cr1GFP/+
mice revealed further lpDC complexity. Whereas CD11bneg CD103hi lpDCs were
homogenously CX3CR1/GFPneg, CD11bhi lpDCs could be further subdivided into three
distinct subsets, based on CX3CR1 expression. While CX3CR1neg lpDCs, including
CD11bneg and CD11bhi cells, were found to be CD103hi, CD14neg and CD8lo CX3CR1+
lpDCs were mostly negative for CD103 and CD8 and expressed high levels of CD14 and
the co-stimulatory molecules CD80 and CD86. A classification of lpDCs into CX3CR1neg
and CX3CR1pos subpopulations is supported by the differential origins of the cells
reported in this study.
To define lpDC origins, we resorted to an established depletion/ reconstitution
strategy (Varol et al., 2007). CX3CR1+ CD11bhi lpDCs originated from Ly6Chi but not
Ly6Clo monocytes. Notably, Ly6Chi monocytes were previously demonstrated to give rise
to mucosal CD11bhi DCs in the lung (Jakubzick et al., 2008; Landsman et al., 2007;
Varol et al., 2007) and in the vagina (Iijima et al., 2007). CX3CR1negCD103hi CD11bneg
lpDCs, on the other hand, originated from the MDPs, which also gave rise to CX3CR1+
CD11bhi CD103neg lpDCs. Notably, despite the clear presence of CD11bneg lpDCs, the
lpDC compartment reconstituted by the MDP graft was consistently skewed towards
CD11bhi lpDCs. The MDP transfer did thus not restore homeostasis, as observed after
self-reconstitution. Based on the kinetics of BrdU incorporation, Agace and colleagues
recently suggested that both CD103hi and CD103neg ileal lpDC subsets are derived from
circulating precursors (Jaensson et al., 2008). However, MDPs were shown to give rise
to monocytes (Varol et al., 2007). It is therefore not clear, whether MDPs can directly
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yield CX3CR1+ CD11bhi lpDCs or whether these cells arise from an obligatory Ly6Chi
monocyte intermediate. Elucidation of this issue will require the identification of a DCcommitted BM precursor downstream of MDP that is distinct from monocytes.
Recent studies have highlighted the critical role of the growth factors GM-CSF
and Flt3L for the in vitro and in vivo generation of murine DC (Daro et al., 2000;
Hieronymus et al., 2005; Karsunky et al., 2003; Miller et al., 2003; Miller et al., 2002;
Waskow et al., 2008). Notably, treatment with a modified form of murine GM-CSF has
been shown to expand CD11bhi but not CD11blo DCs in the murine spleen (Daro et al.,
2000; Pulendran et al., 1999). Moreover, adenoviral overexpression of GM-CSF resulted
in a profound increase in CD11bhi liver DCs (Pillarisetty et al., 2003). Flt3L
administration, on the other hand, induced a general expansion of DCs in all tested
organs (Maraskovsky et al., 2000). More recently, MDPs were shown to expand and exit
the BM in response to Flt3L, although the factor was dispensable for their generation
(Waskow et al., 2008). Our findings lend further support to this dichotomy of the DC
compartment, where GM-CSF drives the differentiation of precursor cells towards the
CD11bhi phenotype, whereas Flt3L drives an alternative, monocyte-independent
differentiation pathway. Using two independent complementary approaches we thus
demonstrate the opposing effects of GM-CSF and Flt3L on the differentiation lpDC
subsets. GM-CSF-R-/- mice displayed a significant decrease in CD11bhi lpDCs, whereas
CD11bneg lpDCs were lower in [Flt3-/- > WT] chimeric mice. Analysis of mixed BM
chimera mice, harboring both WT and mutant lpDCs confirmed that both cytokines
uniquely control the differentiation of CD11bhi and CD11bneg lpDCs in a cell intrinsic
manner. Addition of exogenous GM-CSF and Flt3L, either via implantation of factorsecreting tumor lines or injection of cell culture supernatants, skewed the differentiation
toward CX3CR1+CD11bhi and CX3CR1negCD103+ lpDC subsets, respectively. Notably,
the growth factors could have effects on lpDC precursor generation in the BM or act
locally. Collectively, this establishes that the generation of monocyte-derived CD11bhi
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lpDCs is governed by GM-CSF, whereas the monocyte-independent pathway to
CD11bneg lpDCs is driven by Flt3L.
The intestinal reconstitution kinetics of CD11bhi lpDCs revealed a progressive
replenishment that peaked after two weeks. Transfer of CFSE-labeled monocytes
established that graft-derived CD11chi lpDCs underwent significant proliferation in the
lamina propria. Moreover, we found individual ileal villi of the recipient mice reconstituted
by discrete cell clones. The physiological relevance of this finding remains to be shown,
yet it may potentially relate to the pathogenesis of the patchy discontinuous inflammation
noted in IBD, mainly Crohn's Disease (Vasquez et al., 2007).
In agreement with our findings, Jaensson et al., recently reported, based on BrdU
and Ki67 staining, that the CD103neg CD11bhi lpDC population is maintained in part
through homeostatic proliferation (Jaensson et al., 2008). Our experimental approach
precluded addressing the proliferative potential of the CX3CR1neg CD103hi lpDC subsets.
However, the study by Agace and colleagues suggests that maintenance of CD103hi ileal
lpDCs relies on circulating BM-derived precursors, rather than on local proliferation
(Jaensson et al., 2008).
Based on the failure of Ly6Chi cells to give rise under non-inflammatory
conditions to splenic conventional CD11chi DC, we and others have suggested that
lymphoid organ DCs may be generated exclusively from DC-committed precursors
without a monocytic intermediate (Naik et al., 2006; Onai et al., 2007; Varol et al., 2007).
Our present results refine this notion by showing that Ly6Chi monocytes do give rise to
PP and MLN CD11chiCD11bhi DC. This highlights the distinct anatomic diversity of the
DC differentiation process, where in the gut- associated lymphoid tissue (GALT)
monocytes may serve as in vivo DC precursors. As opposed to Ly6Chi monocytes,
Ly6Clo monocytes failed to reconstitute the lamina propria with DCs, but differentiated
into PP DCs. More studies are required to define the molecular cues that govern the
intriguing preferential migration of Ly6Clo monocytes and their fates in the intestine.
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An interesting question that arises is how lpDCs are related to the DC subsets
found in the draining MLNs. Results of BrdU labeling experiments suggest that CD103neg
DCs in the MLNs represent a resident population (Jaensson et al., 2008). Indeed, in our
study, monocytes failed to reconstitute the CD11c hiCD11bneg MLN DCs, whereas this
population was readily detected following MDP engraftment. In contrast, the majority of
CD103hiCD11bneg MLN DCs seems to represents a lamina propria-derived migratory
population that plays a critical role in presenting orally-derived soluble antigen to T cells
(Jaensson et al., 2008; Jang et al., 2006; Johansson-Lindbom et al., 2005).
The combination of lpDC ablation and precursor-mediated reconstitution allows
the study of the impact of graft-derived lpDCs on the maintenance of gut homeostasis in
a steady state and under challenge. Interestingly, mice that were persistently or
transiently depleted of lpDCs neither developed spontaneous intestinal inflammation nor
were found to be overtly susceptible to disease development in a DSS induced innate
colitis model. Thus, lpDCs seem to be generally dispensable for the maintenance of
intestinal homeostasis, as is also suggested by the absence of bowel inflammation in
mice that constitutively lack lpDCs (Birnberg et al., 2008). In contrast, mice that
predominantly harbored monocyte-derived CD11bhi DCs in their lamina propria
developed severe signs of colitis in response to DSS challenge, as determined by
colonoscopy and histological examination. These results suggest that monocyte-derived
CD11bhi lpDCs interfere with the restoration of epithelial integrity that limits progression
to chronic gut inflammation. Through adoptive transfer of mutant monocytes we showed
that this pro-inflammatory activity was critically dependent on TNFα, thus corroborating
earlier reports of the central role of this cytokine in innate and T cell-mediated colitis, as
well as in human IBD (Abe et al., 2007; Berndt et al., 2007; Garrett et al., 2007). Our
results establish that the inflammation resulting from the DSS-inflicted epithelial damage
is caused by immune cells, and represents an innate immuno-pathology driven by
CD11bhi lpDCs. Our data highlight the importance of a delicate balance between
CD11bneg and CD11bhi lpDCs to maintain robust intestinal homeostasis that defies
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disturbances, as those induced by the breach of the epithelial barrier. These findings
further suggest that CD11bnegCD103hi lpDCs might harbor regulatory functions, which
are required to curb the activities of CD11bhi lpDCs. In support of this notion, this lpDC
subset has been reported to produce anti-inflammatory cytokines, such as TGF-β and IL10 (Denning et al., 2007). It remains, however, to be shown whether CD11bnegCD103hi
lpDCs act directly on CD11bhi lpDCs or indirectly by affecting other immune cells or the
epithelium itself.
In conclusion we establish the differential origin of the two main lamina propria
DC subsets. CD11bnegCD103hiCX3CR1neg lpDCs arise, without monocytic intermediates,
from MDPs through an Flt3L-driven pathway. In contrast, CD11bhiCD14b+CX3CR1+
lpDCs originated exclusively from Ly6Chi but not Ly6Clo monocytes in a GM-CSFcontrolled manner. Mice lacking CD11bneg lpDCs were uniquely sensitive to DSSinduced colitis, highlighting the importance of a critical balance between CD11bneg and
CD11bhi lpDCs for tissue repair and robust gut homeostasis.
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Experimental procedures
Animals. The study involved the use of the following 8 to 14-week-old mice: wild-type
(wt), heterozygote mutant Cx3cr1+/gfp (Jung et al., 2000); CD11c-DTR transgenic mice
carrying a transgene encoding a human DTR-GFP fusion protein under the control of the
murine CD11c promoter (B6.FVB-Tg (Itgax-DTR/GFP) 57Lan/J) (Jung et al., 2002);
Rosa26-tdRFP transgenic mice (Luche et al., 2007) crossed with CD11c-cre transgenic
mice(Caton et al., 2007), GM-CSF-R-/- mice (Robb et al., 1995); b8.129SCsf2rbtm1Cgb1/J], Flt3-/- mice (Mackarehtschian et al., 1995), and TNFα-/- mice
(B6.129S-Tnftm1Gkl/J) (Pasparakis et al., 1996), OT II (C57BL/6) TCR transgenic mice
harboring OVA-specific CD4+ T cells (Barnden et al., 1998); all the mice were
backcrossed against a C57BL/6 background. Mixed [DTR > wt] BM chimeras for
conditional DC ablation were generated as reported (Varol et al., 2007). Briefly, C57BL/6
wt mice were exposed to a single lethal dose of 950rad total body irradiation followed by
i.v. transfer of 5 x 106 CD11c-DTR transgenic BM cells. The mice were allowed to rest for
8 wks before use. All mice were maintained under specific pathogen-free conditions and
handled according to protocols approved by the Weizmann Institute Animal Care
Committee as per international guidelines.

Isolation of MDP and BM monocyte precursor grafts. BM cells were harvested from
the femora and tibiae of CX3CR1GFP/+ CD45.1, CD45.1 C57BL/6 wt mice or CD11ccre/Rosa26-tdRFP mice and enriched for mononuclear cells on a Ficoll density gradient.
The cells were then immunostained with anti-CD117-PE, anti-CD11b-PerCP and antiGr1 (Ly6C/G)-APC, fluorochrome-conjugated antibodies. MDPs cells were identified as
CX3CR1 (GFP), CD117 (cKit) positive cells negative for CD11b and Ly6C markers. Cells
were purified by high speed sorting using a FACS Aria (Beckton-Dickinson) and injected
i.v. into congenic CD45.2 DTx-treated [CD11c-DTR > wt] BM chimeras. Ly6Chi BM
monocytes were isolated by high speed sorting of the Ly6ChiCD11bhicKitneg CX3CR1
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GFP+ BM cell fraction. Ly6Clo BM monocytes were isolated by high speed sorting of the
Ly6CloCD11bhicKitneg CX3CR1 GFPhi BM cell fraction.

Reconstitution of DC depleted lamina propria. For systemic DC depletion, [CD11cDTR > wt] BM chimeras were inoculated i.p. a day before precursor engraftment and
then every other day with diphtheria toxin (DTx; Sigma D-2918) at a dose of 8 ng/ gram
body weight (Varol et al., 2007; Zaft et al., 2005). Unless indicated otherwise, 0.2ml PBS
containing the purified respective cell populations were injected into the tail vein in the
following amounts: BM Ly6Chi monocytes (1.5x106 cells), BM Ly6Clo monocytes (1x106
cells), and MDP (2x105 cells).

GM-CSF and Flt3L treatments. The effects of GM-CSF and Flt3L were examined by
sub-cutaneous injection of B16 tumor cells (7x106) or B16 variants that had been
manipulated to over-express GM-CSF or Flt3L (Mach et al., 2000). To tests the effects of
GM-CSF and Flt3L on endogenous precursors DTx-treated [CD11c-DTR > wt] BM
chimeras that were left to self-reconstitute were daily injected with the cell culture
supernatant (0.2ml, intraperitoneally) of B16, B16-GM-CSF or B16-Flt3L tumor cells.

Analysis of in vivo T cell priming. TCR transgenic T cells were isolated from spleens
and LNs of CD45.1 OT-II transgenic mice, enriched by MACS cell sorting with antimouse CD4 antibodies according to the manufacturer’s instructions (Miltenyi Biotec
GmbH), and labeled with Carboxy Fluorescein Succinimidyl Ester (CFSE, C1157;Invitrogen) (Jung et al., 2002). CFSE-labeled T cells (3x 106/mouse) were injected
into the tail veins of congenic DTx-treated [CD11c-DTR > wt] BM chimeras (CD45.2) that
had received a monocyte graft 7 days earlier. Recipient mice were challenged a day later
by gavage with soluble OVA (100mg; Sigma Aldrich).
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Analysis of recipient mice and Flow Cytometry. Small intestinal and colonic lamina
propria cells were isolated using a technique previously described(Denning et al., 2007).
MLNs and Peyer’s patches cells were obtained after collagenase type IV treatment
(0.5mg/ml, Sigma). Individual villi were collected by shaving with a razor under the
binocular and lamina propria cells were further isolated, as described above.
Fluorochrome-labeled monoclonal antibodies (Pharmingen, eBioscience, BioLegend)
were used according to the manufacturer’s instructions. Cells were analyzed with a
FACS Calibur cytometer (Beckton-Dickinson), using CellQuest software (BecktonDickinson).

Induction and Analysis of Intestinal Trans-Epithelial-Dendrites (TEDs). DC-depleted
mice were reconstituted with wt Ly6Chi monocytes for 14 days, as described. The mice
were then treated with the TLR7 agonist-‘Imiquimod’ (Invitrogen, C-TLRL-IMQ) by
gavage (20µg) 18 hrs prior to analysis. Terminal ileum tissue was directly stained with
CMTMR (CellTrackerTM, 0.1µM, Invitrogen) and examined for TEDs using a Zeiss
confocal microscope and LSM software.

DSS-induced colitis model and Murine colonoscopy. [CD11c-DTR > WT] chimeras
received one cycle (7 days) of Dextran Sulfate Sodium Salt (DSS) (MP Biomedicals, C160110) treatment (1% in drinking water). To monitor colitis, we used a high resolution
murine video endoscopic system, consisting of a miniature probe (1.9 mm outer
diameter), a xenon light source, a triple chip camera, and an air pump ('Coloview', Karl
Storz) to achieve regulated inflation of the mouse colon. The endoscopic procedure in
anesthetized mice was viewed on a color monitor and digitally recorded (Becker et al.,
2006; Becker et al., 2005). Video files were processed with Windows Movie Maker
software (Microsoft). Endoscopic quantification of colitis was graded for bowel thickening
(0-3), changes in bowel vascularity (0-3), presence of fibrin deposits (0-3), granularity of
the mucosal surface (0-3), and bowel consistency (0-3). Reconstitution kinetics in
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individual mice were determined by fluorescent colonoscopy performed by intrarectal
insertion of a 650 µm diameter fluorescent microendoscope using the Cell-vizio system
(Mauna Kea Technologies, Paris, France).

Histology and Immunohistochemistry. Freshly isolated terminal ileum and colon
tissues were after longitudinal opening directly observed on a slide using a Zeiss
Axioscope II fluorescent microscope, a confocal Zeiss microscope or a 2photon
microscope. Image acquisition was conducted using simple PCI, LSM and Velocity
software. For histology, tissues were fixed in 4% paraformaldehyde overnight at room
temperature, embedded in paraffin, serially sectioned (4µm) and stained with
hematoxylin and eosin (Sigma). Light transmission imaging was performed using and an
E800 microscope equipped with a digital camera (DXM 1200 NIKON).

Salmonella infection and quantitation of bacterial load. The isogenic Salmonella
variant ∆TTSS-1 S. typhimurium strain SB161 (∆invG) was grown with low aeration for
12 h at 37 °C in LB broth (0.3 M NaCl; containing 50 µgml ampicillin (Sigma Aldrich),
diluted 1:20 in the same medium and grown for another 4 h (late log phase), washed
twice and suspended in cold PBS (5×106 CFU/50 µl for gavage) as described
(Hapfelmeier et al., 2008). DC-depleted mice were reconstituted with Ly6Chi monocytes
7 days before gavage with 20 mg of streptomycin (Sigma Aldrich) as described (Barthel
et al., 2003). DTx was given every second day during the first week. At 24 h after
streptomycin-pretreatment the mice were inoculated with 5×105 CFU of ∆TTSS-1 S.
typhimurium (late log phase culture) by gavage. Fresh colon tissues were isolated 3 days
post-infection and homogenized using the Dispomix® system (Medic Tools). Live
bacterial loads of colon were determined as colony forming units (CFU) by plating the
bacteria on selective MacConkey agar plates (50 µg/ml streptomycin) as described
previously. Colonies isolated from fresh colon tissues were screened for Salmonella
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species (spp) by selective growth on Salmonella-Shigella agar. Detection was confirmed
using combined biochemical testing, including indole and oxydase reagents, urea agar
slants, Kliger’s iron agar and triple iron agar.

Semiquantitative RT-PCR. Total RNA was extracted from murine colons using
PerfectPure RNA Tissue Kit (5 PRIME). cDNA was prepared by reverse transcription of
2 µg of total RNA sample. Total RNA was reverse transcribed with a mixture of random
primers and oligo-dT using a High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems). cDNA was amplified by PCR using REDTaq ReadyMix (Sigma-Aldrich).
The following primers were used:
IL-12p40 forward, 5′-GGAGACCCTGCCCATTGAACT -3′; IL-12p40 reverse, 5′CAACGTTGCATCCTAGGATCG -3′; HPRT1 forward, 5′-TCCAACACTTCGAGAGGTCC
-3′; HPRT1 reverse, 5′-GGGGGCTATAAGTTCTTTGC -3′. The conditions for
amplification were as follows: 95°C for 2 min, 95 °C for 40 sec, 55 °C for 40 sec, 72 °C
for 2 min and 30 sec (95 °C→55 °C→ 72 °C: 27-33 cycles), 72 °C for 5 min.

Statistical Analysis
The results were analyzed by Two-tailed unpaired Student’s t-test, and are expressed as
means ± SEM.
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Figure legends
Figure 1
Phenotypic characterization of colonic lpDCs
Flow cytometry analysis of lpDC compartment in colon of Cx 3cr1GFP/+ mice. Top dot blots
show division of lpDCs (defined as CD11c hi cells) into two major CD11bneg (G2) and
CD11bhi (G3) subpopulations. The CD11bhi subset was further subdivided into
FSChiGFPhi (G4), FSCintGFPlo (G5), and FSCloGFPneg cells (G6). Histograms show
expression analysis of different subsets for indicated surface markers. Note that CD11bhi
CX3CR1/GFP+ lpDC (G4 and G5) are CD103-/lo CD14hi and CD11bneg (G2) and CD11bhi
CX3CR1/GFPneg (G6) lpDCs are CD103hi CD14neg.

Figure 2
In vivo reconstitution reveals differential origin of CD11bneg and CD11bhi lpDCs
(A) Flow cytometric analysis documenting DTx-induced ablation of CD11c hi lpDC from
ileum of [CD11c-DTR > WT] BM chimeras. Data represent three independent
experiments.
(B) Flow cytometry analysis of colonic lpDC compartment of DC-depleted mice (CD45,2)
with or without engraftment of Ly6Chi monocytes (Cx3cr1GFP/+ CD45.1) (1.5x106 Ly6Chi
CD115+ CD11b+ cKitneg CX3CR1/GFP+ cells; purity: 95%). Mice were analyzed two weeks
after transfer. Upper dot blots: note absence of graft-derived CD11bneg (G2) lpDCs, but
presence of graft-derived CD11bhi lpDCs (G3), including CD11bhi CX3CR1/GFPhi lpDCs
(G4), CD11bhi CX3CR1/GFPlo lpDCs (G5), but not CD11bhi CX3CR1/GFPneg lpDCs (G6).
Lower histograms indicate surface marker expression of indicated subsets of graftderived (blue line) as compared with the respective steady state DC subpopulations of
control animals (red line). Filled grey histograms represent isotype control. Data are
representative of three independent experiments.
(C) Flow cytometry analysis of colonic lpDC compartment of DC-depleted mice (CD45,2)
with or without engraftment of CD45.1 CX3CR1GFP/+ MDPs (Cx3cr1GFP/+ CD45.1) (2x105
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cKitint Ly6Cneg CD115+ CD11bneg CX3CR1/GFP+ cells; purity: 95%). Mice were analyzed
two weeks after transfer. Upper dot blots: note presence of MDP-derived CD11bneg
lpDCs (G2) and CD11bhi lpDCs (G3), including all three subsets (G4, G5, R6). Lower
histograms indicate surface marker expression of indicated subsets of graft-derived
lpDCs (blue line) as compared with the respective steady state DC subpopulations of
control animals (red line). Filled grey histograms represent isotype controls. Data are
representative of three independent experiments.

Figure 3
CD11bneg and CD11bhi lpDCs rely on distinct differentiation pathways mediated by
Flt3L and GM-CSF, respectively
(A) Flow cytometry analysis of lpDC frequencies and bar graph summarizing ratios of
CD11bhi and CD11bneg DCs in the colonic lamina propria of mixed BM chimeras
reconstituted with 50% wt BM (CD45.1) and BM isolated from wt, GMCSF-R-/-, or Flt3-/mice (CD45.2). Dark gray columns represent the wt CD45.1 lpDC fractions, while the
light gray columns represent the CD45.2 lpDC fractions. (n=4-5 for each group; Student’s
t-test, in comparison to corresponding CD45.1 wt fraction, CD45.2 Flt3-/-: ** P=0.003;
CD45.2 GM-CSF-R-/-: P=0.052 ).
(B) Flow cytometry analysis of lpDC frequencies and bar graph summarizing ratios of
CD11bhi to CD11bneg DCs in the colonic (dark gray) and ileal (bright gray) lamina propria
of Cx3cr1GFP/+ mice 14 days following s.c. injection of B16, B16-GMCSF or B16-Flt3L
tumor cells (n=4 for each group; Student’s t-test, in comparison with parental B16; B16GM-CSF: colon *P=0.016, ileum **P=0.009; B16-Flt3L: colon ***P=0.0004, ileum
***P<0.0001). Note increase in CD11bhi and CD11bneg lpDC frequencies in B16-GMCSF
and B16-Flt3L tumor-bearing mice, respectively.
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Figure 4
Reconstitution kinetics of CX3CR1hiCD11bhi lpDCs by Ly6Chi monocyte graft
Fluorescent microscopy analysis of colonic (A) and ileal (B) lamina propria of DC
depleted mice at different time points (days: 2, 5, 7, 14, 21) following adoptive transfer of
Ly6Chi Cx3cr1GFP/+ monocytes (1.5x106 cells; purity: 95%). Note expansion of graftderived lpDCs (green) in both organs from days 2 to 14. Original magnification 10X.
(C) Flow cytometry analysis of CFSE-labeled CD45.1 LyC6hi monocyte graft (1x106 cells;
purity: 98%) in colonic lamina propria and in blood of DC-depleted recipients (CD45.2) at
indicated time points following engraftment. Note proliferation (CFSE dilution) of graftderived CD11bhi CD11chi lpDCs. Data are representative of two independent
experiments.

Figure 5
Clonal expansion of Ly6Chi monocyte- and MDP-derived CX3CR1hi CD11bhi lpDCs
(A) Fluorescent microscopy image analysis of CMTMR-labeled ileal lamina propria on
day 7 following adoptive transfer of Ly6Chi Cx 3cr1GFP/+ monocytes (1.5x106 cells; purity:
95%) and MDPs (2x105 cells; purity: 95%). Note coexistence of reconstituted and nonreconstituted villi;
(B, C) Fluorescent microscopic (left panel), confocal microscopic (middle panel) and 2P
(right panel) imaging analysis of ileal and colonic lamina propria of DC-depleted
recipients 7 days after engraftment with mixture of monocytes yielding GFP+ and tdRFP+
lpDCs. Note exclusive repopulation by green or red lpDCs of adjacent recipient villi (B)
and colonic DC network (C). Original magnifications 10X and 20X. Data are
representative of three independent experiments.
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Figure 6
Ly6Chi monocyte graft-derived lpDCs restore host lpDC functions
(A) Confocal imaging analysis of trans-epithelial dendrite (TED) formation by Ly6Chi
monocyte-derived CX3CR1hiCD11bhi lpDCs following TLR7 agonist challenge
(Imiquimod: 20µg, by gavage) in DC depleted recipients (graft 1.5x106 cells; purity: 95%)
two weeks after transfer. Original magnification 20X. Note TEDs crossing the CMTMRlabeled epithelial layer. Data are representative of three independent experiments.
(B) Bar graphs representing colon load of mutant Salmonella typhimurium (strain SB161)
(challenge 5x106 CFU; n=5 for each group; Student’s t-test, ** P=0.003). Note significant
reduction in colonic bacterial load in un-reconstituted DC-depleted mice. Data are
representative of two independent experiments.
(C) Flow cytometry analysis of MLNs of WT and DC-depleted mice that underwent
adoptive transfer of CFSE-labeled OT-II CD4+ T cells (CD45.1) with or without
engraftment with Ly6Chi monocytes. Note impairment of T cell response to OVA
challenge in absence of DCs, but restoration by the monocyte graft. Data are
representative of two independent experiments.

Figure 7
TNFα-producing monocyte-derived CD11bhi lpDCs induce colitis after DSS
treatment
(A) Experimental protocol; (B) Bar graphs representing colitis index as evaluated by
colonoscopy of the following indicated groups of mice (n=5 for each group) that received
DSS (1% in drinking water, 1-cycle of 7 days). Note the high colitis score only in WT
Ly6Chi monocytes reconstituted group. The colonoscopy disease index is determined by
the following parameters: granulation, tissue transparency, fibrinogen deposit, vascularity
and feces, based on live observations. Data are representative of three independent
experiments.
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(C) Representative colonoscopy images of indicated DSS-treated mice. Note signs of
severe colitis induced only in WT monocyte recipients.
(D) Corresponding H&E histology of DSS- induced colitis. Note colitis lesions exclusively
in mice reconstituted with WT Ly6Chi monocytes. Data are representative of three
independent experiments.
(E) Reverse transcriptase PCR (RT-PCR) analysis for IL-12 p40 cytokine message
performed on cDNA of tissue mRNA isolated from same colons following the
colonoscopy. Note absence of IL-12 p40 product in DC-depleted mice and its restoration
in DC-depleted mice left to self-reconstitute or reconstituted with WT or TNFα-/- Ly6Chi
monocyte-derived lpDCs. Data are representative of two independent experiments.
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Figure S1
Phenotypic Characterization of ileal lpDC compartment of Cx3cr1GFP/+ mice.
(A) Flow cytometry analysis of lpDC compartment in ileum of Cx3cr1GFP/+ mice. Top
dot blots show division of lpDCs (defined as CD11chi cells) into two major
subpopulations: CD11bneg (G2) and CD11bhi cells (G3) . The CD11bhi subset can be
further subdivided into FSChiGFPhi (G4), FSCintGFPlo (G5) and FSCloGFPneg cells
(G6). Histograms show expression analysis of different subsets for indicated surface
markers. Note that CD11bhi CX3CR1/GFP+ lpDC (G4 and G5) are CD103-/lo CD14hi,
and CD11bneg (G2) and CD11bhi CX3CR1/GFPneg (G6) lpDCs are CD103hi CD14neg.
(B) Flow cytometry analysis of lpDCs after isolation of villi from the terminal ileum of
CX3CR1GFP/+ mouse. Note presence of CD11bneg and CD11bhi lpDCs.

Figure S2
Origin of lpDC subsets in the ileum
(A) Flow cytometry analysis of ileal lamina propria content of DTx-treated mice
(CD45.2) without or 2 weeks following engraftment with CD45.1 Cx3cr1GFP/+ MDP
(2x105 cells; purity: 95%), Ly6Chi monocytes (1.5x106 cells; purity: 95%) or Ly6Clo
monocytes (1x106 cells; purity: 96%). Note presence of CD11bneg lpDCs (G2) and
CX3CR1/GFPneg CD11bhi lpDCs (G6) only in MDP recipients and CX3CR1/GFP+
CD11bhi (G4 and G5) in both MDP and Ly6Chi monocyte recipients.
(B) Flow cytometry analysis showing expression levels of CD103 and CD14 by MDPderived CD11bneg lpDCs (G2, filled grey) and by Ly6Chi monocyte-derived
CX3CR1/GFPhi CD11bhi lpDCs (G4, black line). Data are representative of two
independent experiments.
(C) Flow cytometry analysis of Peyer's patches of DC-depleted mice (CD45.2)
without graft or one week following transfer of Cx3cr1GFP/+ precursors (CD45.1):
Ly6Chi monocytes (1.5x106 cells; purity: 95%), Ly6Clo monocytes (1x106 cells; purity:

96%) or MDP (2x105 cells; purity: 95%). Note presence of graft-derived CD11bhi DCs
in PP. The data are representative of three independent experiments.
(D) Fluorescent microscope analysis of Peyer’s Patches (PP) of DC-depleted
recipients without graft or 7 days following engraftment with Cx3cr1GFP/+ precursors:
MDPs (2x105 cells; purity: 95%), Ly6Chi monocytes (1.5x106 cells; purity: 95%) and
Ly6Clo monocytes (1x106 cells; purity: 96%). Note CX3CR1/GFPhi PP DCs in the
subepthelial dome of all recipients. Note absence of CX3CR1/GFPhi DCs in PPassociated villi in case of Ly6Clo monocytes recipients. Data are representative of
three independent experiments.

Figure S3
Imaging analysis of DC depleted lamina propria and reconstitution by distinct
precursor grafts.
Fluorescent microscopic analysis of colonic tissue (A) and ileal tissue (B) of DTxtreated mice without engraftment or two weeks after transfer of indicated Cx3cr1GFP/+
precursors: Ly6Chi monocytes (1.5x106 cells; purity: 95%), Ly6Clo monocytes (1x106
Ly6Clo CD115+ CD11b+ cKitneg CX3CR1/GFPhi cells; purity: 96%) or MDPs (2x105
cells; purity: 95%). Note presence of graft-derived CX3CR1/GFPhi CD11bhi lpDCs
following Ly6Chi monocyte and MDP engraftment, but not after Ly6Clo monocyte
transfer. Original magnification 10X. Data are representative of three independent
experiments.

Figure S4
CD11bneg and CD11bhi lpDC subsets rely on distinct differentiation pathways
mediated by Flt3 and GM-CSF, respectively
(A) Flow cytometry analysis of lpDC frequencies and bar graph summarizing ratios of
CD11bhi and CD11bneg DCs in the colonic lamina propria of WT mice, GM-CSF-R-/mice and [Flt3-/- > WT] BM chimeras (n=4 for each group; Student’s t-test,

**P=0.003). Note skewed differentiation towards CD11bneg and CD11bhi lpDCs in
GM-CSF-R-/- mice and [Flt3-/- > WT] BM chimeras, respectively.
(B) Flow cytometry analysis of lpDC frequencies and bar graph summarizing ratios of
CD11bhi and CD11bneg DCs in the colonic lamina propria of CD11-DTR mice treated
once with DTx and then left to self-reconstituted without treatment or in environment
enriched for GM-CSF or Flt3L (n=4 for each group; Student’s t-test, (B16-Flt3-L and
B16)** P=0.006; (B16-GM-CSF and B16) **P=0.003). Note skewed differentiation
towards CD11bhi and CD11bneg lpDCs in mice treated with GM-CSF and Flt3L
supernatant, respectively.

Figure S5
Scheme summarizing intestinal dendritic cell origins and their relation to
splenic dendritic cells.
CD11bneg and the small subset of CD11b+CD103+CD14-CX3CR1neg lpDCs derive like
conventional splenic DCs (Naik et al., 2006; Varol et al., 2007) from postulated nonmonocytic precursors, termed precDCs, that originate via CDPs (Naik et al., 2007;
Onai et al., 2007) from MDPs (Fogg et al., 2006).
CX3CR1int and CX3CR1hiCD14+CD11b+ lpDCs derive from Ly6Chi but not Ly6Clo
monocytes. In the spleen Ly6Chi monocytes give rise to TIP-DCs
(Serbina et al., 2003), but not conventional DCs (Fogg et al., 2006; Naik et al., 2006;
Varol et al., 2007). The preDC pathway and monocyte pathway are driven by Flt3L
and GM-CSF, respectively.
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Figure S6
Analysis of monocyte-engrafted DC-depleted non-BM chimeras
(A) Flow cytometry analysis of colonic lamina propria content of non-chimeric DTxtreated mice (CD45.2) without or 5 days following engraftment with CD45.1
Cx3cr1GFP/+ Ly6Chi monocytes (1.5x106 cells; purity: 95%). Note presence of graftderived CD11bhi lpDCs, both CX3CR1/GFPhi and CX3CR1/GFPlo.
(B) Confocal microscopic imaging analysis of ileal lamina propria of non-chimeric
DC-depleted recipient 5 days after engraftment with mixture of monocytes yielding
GFP+ and tdRFP+ lpDCs. Note exclusive repopulation by green or red lpDCs of
adjacent recipient villi. Original magnifications 10X or 20X. Data are representative of
two independent experiments.

Figure S7
Monocytes and MDPs reconstitute CD11chi DCs in the MLNs
Flow cytometry analysis of MLNs of DC-depleted mice (CD45.2) without graft or one
week following transfer of Cx3cr1GFP/+ precursors (CD45.1): Ly6Chi monocytes
(1.5x106 cells; purity: 95%), Ly6Clo monocytes (1x106 cells; purity: 96%) or MDP
(2x105 cells; purity: 95%). Note presence of graft-derived CD11bhi DCs in MLN and

presence of CD11chi CD11bneg MLN-DC exclusively following MDP engraftment. The
data are representative of three independent experiments.

Figure S8
Absence of inflammation in DC-depleted colon with or without Ly6Chi
monocyte engraftment
H&E histology of colonic sections of untreated, DTx-treated and DTx-treated
monocyte-engrafted mice. Original magnification 20X. Mice received DTx (200ng)
every 2 days for 10 days.

Figure S9
Mice that harbor preferentially CD11b+ lpDCs due to a Flt3 deficiency develop
severe DSS-induced colitis
Flow cytometry analysis of lpDC frequencies and bar graph summarizing ratios of
CD11bhi and CD11bneg DCs in the colonic lamina propria of [WT > WT] and [Flt3-/- >
WT] BM chimeras (n=4 for each group). Note skewed differentiation towards CD11bhi
lpDCs in [Flt3-/- > WT] BM chimeras.
Right bar graphs representing colitis index as evaluated by colonoscopy of the
following indicated groups of mice (n=4 for each group) that received DSS (1% in
drinking water, 1-cycle of 7 days). Note the high colitis score in the [Flt-/->WT] BM
chimeras that harbor a lpDC compartment skewed towards CD11b+ lpDCs.
Colonoscopy disease index is determined according to granulation, tissue
transparency, fibrinogen deposit, vascularity and feces, based on live observations.
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Supplementary movie 1
Fluorescent colonoscopic screen of individual DC-depleted recipient of Ly6Chi
monocytes over time. Colonoscopy was performed by intrarectal insertion of a 650
µm diameter fluorescent micro-endoscope using the Cell-vizio system (Mauna Kea
Technologies, Paris, France). Note progressive reconstitution of colonic lamina
propria with GFP-expressing Cx3cr1GFP lpDCs.

Supplementary movie 2
Endoscopic screen of DSS-challenged mice that were not DC-depleted, persistently
DC-depleted, transiently DC-depleted and left to self-reconstitute, received WT
monocyte graft or received a TNFα-/- monocyte graft. Note signs of severe colitis,
including a highly-distorted vascular pattern, increased mucosal granularity in mice
that received WT but not mutant monocytes.
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Abstract
Title

Infiltrating Blood-Derived Macrophages: Vital Immunoregulatory Cells in
Spinal Cord Repair
Background
Although macrophages are known as essential players in the recovery of injured peripheral organs,
their contribution to recovery from spinal cord injury (SCI) is a subject of debate. The difficulties
in distinguishing at the lesion site between different macrophage subpopulations further contributed
to the controversy and led to the common view of macrophages as functionally homogenous. Given
the massive accumulation in the injured spinal cord of activated resident microglia, which are the
native immune occupants of the central nervous system (CNS), the recruitment of additional
infiltrating monocytes from the peripheral blood seemed puzzling. A key question that remains is
whether the infiltrating monocyte-derived macrophages contribute to repair, or represent a
detrimental response. The hypothesis of the current study is that the infiltrating monocyte-derived
macrophages are essential for recovery from SCI and are functionally distinct from the
inflammatory resident microglia.
Methods and Findings
We inflicted spinal cord injury in adult mice, and tested the role of infiltrating monocyte-derived
macrophages in the recovery process. We used adoptive transfer experiments and bone marrow
chimeras to functionally distinguish between the resident microglia and the infiltrating monocytederived macrophages. We followed the infiltration of the monocyte-derived macrophages to the
injured site at different time points following the injury and characterized their phenotype.
Selective ablation of infiltrating monocyte-derived macrophages following SCI while sparing the
resident microglia, using either antibody-mediated depletion or conditional ablation by diphtheria
toxin, impaired recovery. Reconstitution of the peripheral blood with monocytes resistant to
ablation restored the lost motor functions. Importantly, the infiltrating monocyte-derived
macrophages displayed a local immunoregulatory role, which was critically dependent upon their
expression of interleukin 10.
Conclusions
The results of this study attribute a novel anti-inflammatory role to the infiltrating monocytederived macrophages in SCI recovery, which can not be replaced by the activated resident
microglia. According to our results, the limited recovery following SCI is attributed in part to the
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inadequate, untimely, spontaneous recruitment of monocytes, which is amenable to boosting by
augmenting the naïve monocyte pool in the peripheral blood. Thus, our work sheds new light on the
long held debate regarding the contribution of macrophages to recovery from CNS injuries and has
potential far reaching therapeutic implications.
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Introduction
Immune cells play a critical role in the resolution of many pathologies that occur in
peripheral organs. However, in the central nervous system (CNS), which is considered an immune
privileged site, the contribution of these cells to the healing process remains a subject of
controversy [1-14].
Following CNS injury, an intensive local inflammatory response takes place and involves
activated resident microglia, the native macrophages (M)) of the CNS, and an additional
population of M) that derives from monocytes which infiltrate to the CNS from the peripheral
blood only following the insult [15], referred in this study as: monocyte-derived M). These M)
populations are indistinguishable by standard immunohistochemical techniques leading to the
common view of M) as functionally homogenous. The limited spontaneous recovery, along with
the common negative perception of local inflammation, have led to the general view of all immune
cells at the lesion site

as destructive cells that

should be suppressed [1,2,6,7,10,16-19].

Accordingly, research efforts and clinical manipulations were directed at attempts to overcome this
perceived obstacle to recovery [20], through the use of high-dose steroids, and by nonspecific M)
depletion [1,21]. However, other studies have demonstrated that ‘alternatively-activated M)’, preincubated ex-vivo with peripheral nerve segments, can induce CNS repair [22]. Moreover, several
independent studies have demonstrated that M) are capable of secreting neurotrophic factors [2325], can promote removal of tissue debris [26,27] and can support axonal regeneration [28-31].
Outside the CNS, it has recently been recognized that M) represent a heterogeneous
population that can exhibit both pro- and anti-inflammatory activities [32-35]. Altogether, the
apparent contradictory data regarding the contribution of M) to CNS recovery, and the recognized
heterogeneity of M) outside the CNS, have led us to suggest that a similar scenario may apply to
the CNS, and that perhaps the infiltrating monocyte-derived M)have a unique role that is not
performed by the well-described pro-inflammatory resident microglia.
Here, we used a series of unique experimental paradigms to reveal the specific contribution
of the monocyte-derived M) recruited to the damaged tissue despite the massive presence of the
brain resident microglia. We show that selective ablation of monocyte-derived M) while sparing
the resident microglia, severely impaired the recovery process following SCI. Replenishment of the
monocyte pool in the ablated mice restored the lost motor functions. Moreover, boosting the levels
of naïve monocytes in the peripheral blood following SCI induced recovery beyond that observed
spontaneously. In searching for the underlying mechanism, we found that the infiltrating monocyte-
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derived M) displayed an essential regulatory role which can not be performed by the resident
microglia and was found to be dependent on interleukin 10 (IL-10).
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Methods
Animals. Adult male (810 weeks old) C57BL/6J mice, heterozygous mutant Cx3cr1GFP/+ mice
(B6.129P- Cx3cr1tm1Litt/J) (in which one of the CX3CR1 chemokine receptor alleles is replaced
with a gene encoding green fluorescent protein (GFP)) [36], CD11c-DTR transgenic mice
(B6.FVB-Tg Itgax-DTR/GFP 57Lan/J [43], carrying a transgene encoding a human diphtheria
toxin receptor (DTR) under control of the murine CD11c promoter), CD11c-DTR: Cx3cr1GFP/+
transgenic mice (heterozygote for both the Cx3cr1GFP locus and the CD11c-DTR transgene), and
IL-10 null mice (B6.129P2-Il10tm1Cgn/J [74]; a generous gift from Prof. Irun Cohen, Weizmann
Institute of Science) were used. Animals were supplied by the Animal Breeding Center of The
Weizmann Institute of Science. All animals were handled according to the regulations formulated
by the Institutional Animal Care and Use Committee (IACUC).
BM radiation chimeras. [Cx3cr1GFP/+ > wt], [CD11c-DTR > wt], [CD45.1 > wt (CD45.2)], and
[CD11c-DTR: Cx3cr1GFP/+ > wt] BM chimeras were prepared by subjecting gender-matched
recipient mice (8-10 weeks old) to lethal whole-body irradiation (950 rad) while shielding the
brain, as previously described [75-77]. Empirically, we found that this shielding prevented the
massive infiltration of myeloid cells to non-injured spinal cords (Supplementary Figure 1). The
mice were then reconstituted with 3-5u106 BM cells harvested from the hindlimbs (tibia and femur)
and forelimbs (humerus) of the appropriate donor mice. BM cells were obtained by flushing the
bones with Dulbecco's PBS under aseptic conditions, and then collected and washed by
centrifugation (10 min, 1000 rpm, 4°C). The extent of chimerism observed in our chimeras (68.5 ±
2.2%) was comparable to other reports [8,78,79]. To rule out the possibility that the observed
homing of monocytes to the injured site of the chimeric mice was due to any side effect related to
the process of the chimerism, we compared homing of grafted monocytes to the injured site in
chimeric and nonchimeric mice; no differences were found (Supplementary Fig. 1e). Thus, the use
of chimeras created with head shielding preserves the physiological recruitment and homing of M)
following SCI. The chimeric mice were subjected to spinal cord contusion 8-10 weeks after BM
transplantation.

Antigens and vaccination. A MOG-derived altered peptide, MEVGWYRSPFDRVVHLYRNGK
(45D) (an analog of pMOG 35-55), in which aspartic acid is substituted for serine [80], was
prepared by the Peptide Synthesis Unit at the Weizmann Institute. OVA peptide was purchased
from Sigma-Aldrich (Rehovot, Israel). Adult mice were vaccinated with 45D or OVA (100 Pg)
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emulsified in an equal volume of complete Freund's adjuvant (CFA; Difco, Franklin Lakes, NJ)
containing Mycobacterium tuberculosis (2.5 mg/ml; Difco), as previously described [37,44]. The
emulsion (total volume 0.1 ml) was injected subcutaneously at one site in the flank, 7 days prior to
the spinal cord injury.

Spinal cord injury. The spinal cords of deeply anesthetized mice were exposed by laminectomy at
T12, and contusive (200 kdynes) centralized injury was performed using the Infinite Horizon spinal
cord impactor (Precision Systems, Lexington, KY), as previously described [37,44] causing bilateral degeneration without complete penetration of the spinal cord. The animals were maintained
on twice daily bladder expression. Animals that were contused in a non symmetrical manner were
excluded from the experimental analysis.

Assessment of functional recovery from spinal cord contusion. Recovery was evaluated by hindlimb locomotor performance, assessed according to the open-field Basso Mouse Scale (BMS) [38],
with nonlinear scores ranging from 0 (complete paralysis) to 9 (normal mobility); each score
represents a distinct motor functional state. Blind scoring ensured that observers were not aware of
the treatment received by each mouse. Locomotor activity in an open field was monitored twice a
week by placing the mouse for 4 min at the center of a circular enclosure (diameter 90 cm, wall
height 7 cm) made of molded plastic with a smooth, non-slippery floor. Before each evaluation, the
mice were carefully examined for peritoneal infection, wounds in the hind limbs, and tail and foot
autophagia. Animals that showed a difference of more than 2 scores between their two hind limbs
were excluded from the experimental analysis.

Diphtheria toxin (DTx) administration. Diphtheria toxin (DTx; 8ng/g body weight; Sigma) was
injected intraperitoneally, repeatedly at 1-day intervals, starting immediately after the injury, unless
described otherwise.
MC-21 administration. MC-21 (an antibody to CCR2) [47] was injected intra-peritoneally starting
immediately after the injury throughout the first week of recovery.

Adoptive monocyte transfer. Monocytes were isolated as previously reported [81]. Briefly, BM
cells were harvested from the femora and tibiae of naïve mice, and enriched for mononuclear cells
on a Ficoll density gradient. The CD115+ BM monocyte population was isolated through MACS
enrichment using biotinylated anti-CD115 antibodies and streptavidin-coupled magnetic beads
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(Miltenyi Biotec) according to the manufacturer's protocols. Following this procedure, monocytes
(wt, Cx3cr1GFP/+ (CD45.1) or IL-10 deficient; purity 90%) were injected i.v. (3.5x106 cells per
mouse) during the first week of recovery.

Immunohistochemistry. Due to technical limitations of some of the antibodies that were used, two
different tissue preparation protocols (paraffin embedded and microtome frozen sections) were
applied in each experiment, as previously described [75]. Whenever possible, the results were
confirmed using both techniques. The following antibodies were used: rabbit anti-GFP (1:100;
MBL); rabbit anti-GFAP (1:100; Dako Cytomation), goat anti-IL-10 ( 1:20; R&D system), mouse
anti-arginase I (1:100; BD Biosciences), rat anti-Ly6C (1:200; Abcam) and hamster anti-CD11c
(1:50; Chemicon). For microglial/ M) labeling, TRITC- or FITC-conjugated Bandeiraea
simplicifolia isolectin B4 (IB4; 1:50; Sigma-Aldrich) was added for 1 h to the secondary antibody
solution. Secondary antibodies used included: Cy2-conjugated donkey anti-rabbit antibody,
Cy2/Cy5 conjugated donkey anti-mouse antibody, Cy3-conjugated donkey anti-mouse, Cy3conjugated donkey anti-goat, and biotin goat anti-hamster (1:200; all from Jackson Immuno
Research). Cy3-streptavidin was used for CD11c staining. The slides were exposed to Hoechst
stain (1:4000; Invitrogen Probes) for 1 min.
Myelin integrity was qualitatively examined on paraffin-embedded sections that were stained with
Luxol fast blue for myelin, and with Nissl to identify the nuclei and the thin cytoplasmic layer
around them. GFAP staining was used for demarcation of the lesion site.

Isolation of spinal cord cells and flow cytometric analysis. Mice subjected to spinal cord injury
were anesthetized and their spinal cords were prepared for flow cytometric analysis by perfusion
with PBS via the left ventricle. Spinal cord sections were cut from individual mice, including the
injured site and adjacent margins, or an area distal to it (4mm long in each of the sections), and
tissues were homogenized using a software controlled sealed homogenization system (Dispomix;
http://www.biocellisolation.com). The following fluorochrome-labeled mAbs were purchased from
BD Pharmingen, BioLegend or eBioscience and used according to the manufacturers’ protocols:
PE conjugated anti-CD11c, MHCII, Gr1, CD34, Mac3, CD11b, CD31, CD4 and CD115 Abs;
allophycocyanin-conjugated anti-CD45.1 and CD8 Abs; AlexaFluor anti-CD19 Abs; PerCPconjugated anti-CD11b Ab; biotin-conjugated anti-CD115 Ab. Cells were analyzed on a
FACSCalibur cytometer (BD Biosciences) using CellQuest software (BD Biosciences). Isotype
controls were routinely used in all the experiments. In addition, in each experiment, relevant
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negative control groups were used to determine the populations of interest and to exclude others.

Quantification of immunohistological data. For microscopic analysis, a Nikon fluorescent
microscope (Nikon E800) or Zeiss LSM 510 confocal laser scanning microscope were used.
Longitudinal sections of the spinal cord were analyzed. Numbers of cells, immunoreactivity
(density) and lesion size were determined automatically with Image-Pro Plus 4.5 software (Media
Cybernetics). Manual quantification and flow-cytometric analysis were also performed to verify the
results provided by the automated analysis.

Statistical analysis. The results were analyzed by Student’s t-test or by one-way ANOVA followed
by Fisher's LSD procedure, and are expressed as means ± SEM. For statistical analysis of motor
function, we used repeated ANOVA.
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Results
Macrophages derived from infiltrating monocytes localized to the margins of the lesion site
following spinal cord injury
As circulating precursor cells, monocytes are well known to infiltrate sites of injury outside
and within the CNS [9,34,35]. To test their involvement in the recovery from SCI, we first
performed an adoptive transfer of labeled naïve monocytes to investigate features of their
recruitment and fate. The monocyte graft was isolated from Cx3cr1GFP/+ mice [36] (C57BL/6,
CD45.1) that carry a genetic reporter gene label (Cx3cr1GFP/+) and allotypic marker (CD45.1),
allowing detection of graft-derived cells in the recipient animals (C57BL/6, CD45.2) by
immunohistochemistry and by flow cytometric analysis, respectively. Wild type (wt) C57BL/6
mice were subjected to a severe well-calibrated contusive SCI at the level of T-12 [37]. Following
injury,

the
GFP/+

(Cx3cr1

animals

were

injected

intravenously

with

labeled

naïve

monocytes

+

/CD45.1 ). As we did not know yet the time frame following injury at which the

monocyte-derived M) infiltrate the CNS, and whether and when they are needed we repeatedly
injected naïve monocytes (3.5x106 cells) during the first week after the injury, thereby trying to
ensure continuous and stable elevated levels of graft-derived naïve monocytes in the blood. Flow
cytometric and histological analysis 7 days after transfer revealed the ample presence of labeled
injected cells (GFP+, CD45.1+) at the lesion site, but not distal to it (Fig. 1a-c). Interestingly, these
GFP+ monocyte-derived M) were concentrated at the margins of the lesion, but excluded from the
epicenter (Fig. 1c).
We next examined whether the augmentation of the physiological pool of naïve monocytes
in the peripheral blood following SCI, by adoptive transfer of naïve monocytes, could enhance
motor function recovery beyond the spontaneous level. Recovery of motor function was evaluated
using a scale for hind limb motor ability in an open field (Basso Mouse Scale; BMS, [38]), where a
score of 0 registers complete paralysis and a score of 9 represents complete mobility. The
augmentation of the monocyte pool resulted in recovery that exceeded the spontaneous recovery
levels (Fig. 1d; BMS score: 4.5±0.4 and 2.3±0.2, respectively). Of note, an average score of 2
represents animals that can only drag their hind limbs, whereas an average score of 4 represents
plantar stepping with weight support. These results suggested that monocytes can home from the
peripheral blood to the margins of the lesion site following injury, and that increasing their numbers
leads to improved recovery. However, these results were not sufficient to determine when the
monocytes are needed, why this improved recovery does not occur spontaneously, and what is the
unique role of the monocyte-derived M)that could not be provided by the resident microglia. To
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address these questions, we could not use this experimental paradigm of adoptive transfer of
labeled monocytes to spinally injured wt mice; while the graft-derived M) could be discriminated
from activated microglia according to their label (Fig. 1), unlabeled infiltrating endogenous host
monocyte-derived M) are indistinguishable from the resident microglia by standard
immunohistochemical techniques. Thus, to differentiate between the resident activated microglia
and the endogenously infiltrating monocyte-derived M), we used an established bone marrow
(BM) chimera approach based on the unique radio-resistance of resident microglia [9,15,26].
CX3CR1 is expressed on monocyte-derived M) and resident microglia, and therefore, in transgenic
mice that carry a GFP gene under the control of the CX3CR1 promoter, both of these populations
are labeled [36,39,40]. However, in [Cx3cr1GFP/+ > wt] BM chimeras, whose wt BM was replaced
with Cx3cr1GFP/+ BM, the GFP-label is restricted to monocytes, thereby enabling infiltrating
monocyte-derived M) to be distinguished from resident microglia [9]. Notably, preparation of the
chimeras requires irradiation which has been reported to induce immune cell recruitment to the
CNS [8,9]. Indeed, we observed in [Cx3cr1GFP/+ > wt] BM chimeras monocyte infiltration to both
the brain (Butovsky et al., in preparation) and spinal cord, even in the absence of any injury
(Supplementary Fig. 1a,b). Empirically, however, we found that shielding of the mouse head
prevented this spontaneous monocyte recruitment to both the brain (Butovsky et al., in preparation)
and the spinal cord (Supplementary Fig. 1a,b) in non-injured [Cx3cr1GFP/+ > wt] BM chimeras,
while SCI induced an intense CNS infiltration of GFP+ cells in these head shielded chimeras
(Supplementary Fig. 1c). Therefore, all the chimeric mice that were used in our study were
prepared while shielding the brain during the irradiation process (see Methods), in a manner that
preserves the physiological recruitment and homing of monocytes following SCI. Interestingly,
analysis of the injured animals provided a potential explanation for the puzzling effect of the head
protection on infiltration to the spinal cord; GFP+ cells were found concentrated in the central canal
of the spinally injured animals (Supplementary Fig. 1d) suggesting, together with other
observations, that the general route of monocyte infiltration to the CNS parenchyma involves the
central canal and the brain ventricles (unpublished observations). Further studies are required to
elucidate the mechanism by which monocytes from the periphery infiltrate the injured CNS
parenchyma.
Following the SCI both resident microglia and the infiltrating monocyte-derived M)
expressed the activation marker IB-4 (IB-4+/GFP- vs. IB-4+/GFP+ cells, respectively) (Fig. 2a).
Importantly, the spatial distribution of the infiltrating endogenous monocyte-derived M) in the
parenchyma of the injured spinal cord of the chimeric mice was similar to that seen following the
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passive transfer of monocytes to nonchimeric injured mice (Fig. 1c). These results supported the
concept, demonstrated above (Supplementary Fig. 1), that the infiltration of monocyte-derived
M) to the injured spinal cord in the chimeric mice is a physiological phenomenon, and enabled us
to use this model for further investigation of the monocyte-derived M) distribution and
contribution. Notably, monocyte-derived M) localization to the margins of the lesion appeared to
be independent of the lesion severity (Supplementary Fig. 2). In addition, the chimeric mice
enabled us to determine the spatial distribution of the resident microglia. Thus, the activated
resident microglia, unlike the infiltrating monocyte-derived M), were ubiquitously distributed
throughout the lesion center and at its margins (demarcated by GFAP expression) (Fig. 2a,b).
To gain further insight to the features of the infiltrating cells, we performed a
comprehensive flow cytometry analysis. Due to the scarcity of the infiltrating cells, we adopted a
new protocol that enabled efficient collection of the cells (see Methods for details). The bulk of
infiltrating cells represented myeloid cells expressing CD11b, CD115, F4/80, Mac3 and Gr1 (Fig.
2c), but lacking lymphoid or progenitor markers (Supplementary Fig. 3). Moreover the cells
displayed activation markers including CD11c, CD11a, and MHC II [41] (Fig. 2c). Based on
immunohistochemical analysis we found that most of the GFP+ infiltrating cells were concentrated
within the margins of the lesion (Fig. 2d). These marginal infiltrating monocyte-derived M)
acquired an activated morphology manifested by a large cell body with almost no processes,
whereas the distal infiltrating cells demonstrated a multi-process morphology with a small cell
body (Fig. 2e). Notably, the infiltrating cells at the margins were Gr1+(Ly6C+), whereas the distal
ones were Gr1-(Ly6C-) (Fig. 2f).
Immunohistochemical analysis showed that monocyte-derived M) at the margins of the
lesion, unlike infiltrating cells (GFP+) distal to it, expressed CD11c, a E-integrin expressed by
activated M) at inflammatory lesions in the spinal cord [42] (Fig. 2g). Flow cytometric analysis
confirmed the accumulation of M) (CD11b+) expressing CD11c at the lesion area but not distal to
it (Fig. 2h). Importantly, the resident microglia (GFP-) also expressed CD11c (Fig. 2g, i).
Moreover, the frequency of CD11c expression at the margins was similar among the GFP+ and the
GFP- M) populations (60.2±4.8% and 62.7±5.3, respectively). However, the localization of the
CD11c+ microglia changed as recovery progressed; at early time points, CD11c expressing
microglia were confined to the margins (Fig. 2g), whereas later (from day 14 onward) these cells
were also found at the epicenter of the lesion (Supplementary Fig. 4).
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Macrophages derived from infiltrating monocytes are involved in the process of recovery from
spinal cord injury
Since the spontaneously recruited monocyte-derived M), located at the margins of the
lesion site expressed CD11c, we implemented a conditional in vivo cell ablation strategy targeting
cells by virtue of CD11c promoter activity. Specifically, we generated [CD11c-DTR: Cx3cr1GFP/+>
wt] BM chimeras whose wt BM was replaced by BM of mice that carry both the GFP-insertion in
the Cx3cr1 locus, and a diphtheria toxin receptor (DTR) transgene under control of the CD11c
promoter [43]. In the resulting mice, GFP expression could be used to trace the CNS infiltrates, and
administration of diphtheria toxin (DTx) allowed the elimination of only the infiltrating monocytederived M)that expressed CD11c while sparing CD11c+ resident microglia. [CD11c-DTR:
Cx3cr1GFP/+ > wt] BM chimeras were subjected to the SCI protocol 2 months after BM
transplantation. To assess recovery in the absence of CD11c+ monocyte-derived M), half of the
mice received serial intraperitoneal injections of DTx, during the entire recovery period. The DTx
was given every other day to ensure depletion of all BM-derived cells that could be potentially
recruited to the injury site. Under our experimental conditions of severe spinal cord injury,
spontaneous recovery is very limited. Nevertheless, treatment with DTx further diminished this
limited recovery of hind limb motor function (Fig. 3a, b). Accordingly, depletion of the monocytederived M) resulted in a greater spread of damage, manifested by larger lesion size as determined
by Luxol-Nissl staining (Fig. 3c, d). 7aken together, the results presented in Figure 1, showing that
increasing the peripheral pool of naïve monocytes enhanced recovery, and the results showing that
depletion of CD11c-expressing M) derived from infiltrating peripheral monocytes impaired
spontaneous recovery, it is suggested that CD11c+ descendants of spontaneously infiltrating
monocytes contribute to the recovery process following SCI. These findings raised the further
question as to why the spontaneous recovery is limited: is it due to the suboptimal number, timing,
or activity of the infiltrating monocyte-derived M)?

Vaccination augments spontaneous monocyte infiltration to the injured spinal cord
To address the mechanism causing the limited spontaneous recovery, we chose an
experimental paradigm involving vaccination with a myelin-derived peptide one week before the
injury, which has been shown to significantly enhance recovery from SCI and is associated with the
activation of microglia/ M) at the injured site [37,44-46]. We hypothesized that this vaccination
protocol (using MOG-derived altered peptide (35-55; 45D)) might affect monocyte infiltration, and
thus would allow us to identify the limiting factor in the process of monocyte-derived M)
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recruitment that limits spontaneous recovery. To that end, we analyzed infiltration of monocytes in
spinally injured chimeric mice that were vaccinated one week before the injury. The analysis of
SCI lesions of [Cx3cr1GFP/+>wt] BM chimeras revealed that the number of IB4+ cells increased
during the period of assessment in both the vaccinated and untreated mice (Fig. 4a). Analysis for
the presence of the GFP+ cellular infiltrate revealed that from day 4 onward, there was a higher
level of monocyte-derived M) in the immunized group compared to the control (Fig. 4b, c). The
effect of the vaccination on monocyte-derived M)recruitment was confirmed by flow cytometric
analysis of [CD45.1>CD45.2] BM chimeras (1698±361 versus 3046±471 CD45.1+/CD11b+
infiltrating cells per mg tissue, in control and vaccinated groups respectively; Student's t-test
*P<0.05). Furthermore, the vaccination not only increased the total number of infiltrating
monocyte-derived M) but also the abundance of these cells that expressed CD11c (Fig. 4d). In
accordance with the previously reported effects on recovery [37,44], the enhanced monocytederived M) recruitment was specific for vaccination with the CNS-related antigen (45D), and was
not seen following immunization with an irrelevant antigen (OVA), or challenge with CFA or PBS
alone (Supplementary Fig. 5).

Augmented recovery from spinal cord injury is critically dependent on infiltrating monocytederived macrophages
Having demonstrated that vaccination induced earlier and augmented infiltration to the
injured spinal cord of monocyte-derived M) expressing CD11c, we next used this paradigm to test
whether this earlier increase of infiltration could be responsible for the enhanced recovery. We
therefore adopted again the conditional in vivo cell ablation strategy targeting cells by virtue of
CD11c promoter activity. We vaccinated [CD11c-DTR: Cx3cr1GFP/+ > wt] BM chimeric mice and
one week later subjected all mice to SCI. The animals were then randomly separated into two
groups; one group received treatment with DTx along the entire recovery period and one group
remained untreated. The efficiency of the ablation and its specificity for CD11c+/GFP+ monocytederived M), but not activated CD11c+/GFP- microglia, was confirmed by flow cytometry (Fig. 5a;
6% vs. 1.5% of CD11c+/GFP+ cells out of CD11b+ cells without versus with DTx treatment,
respectively) and histology (Supplementary Fig. 6). The specific depletion of the CD11c+/GFP+
monocyte-derived M) resulted in increased numbers of CD11c+ resident microglia (Fig. 5a; 4.6%
vs. 8.5% of CD11c+/GFP- cells out of CD11b+ cells without versus with DTx treatment,
P

respectively), suggesting a cross-talk between activated resident microglia and infiltrating
monocyte-derived M). In accordance with our previous studies, vaccination resulted in an
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enhanced recovery (Fig. 3a; dark blue, vs. Fig 5b; green), which was completely abrogated when
the activated monocyte-derived CD11c+ M) were ablated (Fig. 5b, c). To substantiate the
functional BMS results, we analyzed the size of the lesions 21 days after injury by Luxol-Nissl
staining. Spinal cords of vaccinated DTx-treated mice showed significantly enlarged lesions as
compared to injured chimeric controls (Fig. 5d, e). Interestingly, impairment of recovery was
evident earlier in the vaccinated mice than in animals that were allowed to recover spontaneously
(Fig. 5b vs. Fig. 3a), in correlation with the earlier monocyte infiltration and appearance of
CD11c+/GFP+ cells in close proximity to the injury site (Fig. 4b-d). Notably, the vaccinated mice
showed a similar improvement in motor function as the wt mice that were adoptively transferred
with naïve monocytes (Fig. 1d). To exclude a general toxic effect of the DTx that could directly
cause a decline in motor function, we repeated the experiment using wt C57BL/6J mice that are
resistant to DTx effect. Repeated injections of DTx starting immediately after SCI had no effect on
functional motor recovery in these animals (Supplementary Fig. 7), supporting the reliability and
specificity of this ablation procedure.
To provide further independent evidence for the critical role of infiltrating monocytederived M) in the recovery from SCI, we took advantage of the anti-CCR2 antibody, MC-21,
which selectively depletes from the peripheral blood the Ly6C+(Gr1+)CCR2+ monocyte subset that
can potentially infiltrate to inflamed tissues [9,47]. Wt mice were vaccinated with the 45D peptide
a week before the injury and then half of the mice received the MC-21 antibodies. The treatment of
45D-immunized C57BL/6 wt mice with MC-21, which ablated their Ly6C+ monocytes from the
circulation (Fig. 5f), abrogated the beneficial effect of the vaccination, as it resulted in impaired
motor function (Fig. 5g) and increased lesion size (Fig. 5h) compared to the control group.
Collectively, the data of the two independent depletion experiments established the critical
contribution of monocyte-derived CD11c-expressing M) in the recovery process following SCI.
To provide further confirmation that the depletion of monocyte-derived M)was the reason
for the impaired recovery following DTx administration, we examined whether restoration of the
monocyte pool would revert the functional loss that resulted from the depletion. We therefore
tested whether complementation of the DTR transgenic monocytes with wt monocytes that do not
harbor the CD11c-DTR transgene, and whose descendants would hence be resistant to the toxin
treatment, could reverse the DTx-induced loss of recovery. Since we found that the depletion of
monocyte-derived M) starting on the second week and onward did not impair recovery
(Supplementary Fig. 8) we injected the [CD11c-DTR > wt] BM chimeras with DTx and
transferred the resistant Cx3cr1GFP/+ (CD45.1) monocytes (Fig. 6a) in this experiment only during
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the time frame of the first week. In this experiment all animals were vaccinated a week before the
SCI and then divided into three groups; one group was left untreated and served as a control, and
the two others received DTx. One of the DTx-treated groups received a passive transfer of wt
(DTx-resistant) monocytes. Flow cytometric analysis on day 7 revealed the accumulation of graftderived M) that expressed CD11c at the lesion area, but not distal to it (Fig. 6b).
Immunohistochemical analysis showed the localization of these cells at the lesion margins; similar
to the endogenous infiltrating myeloid cells, the graft-derived GFP+ M) hardly penetrated the
epicenter of the lesion site and acquired distinct morphologies depending on their location (Fig. 6c,
d). Follow up of locomotion activity of animals that were similarly treated revealed that the
adoptively transferred wt monocytes restored the lost functional recovery of DTx-treated [CD11cDTR > wt] BM chimeras (Fig. 6e). The BMS results correlated with histological data that revealed
significantly smaller lesions in DTx-treated mice that had received monocytes, as compared to mice
that received DTx but were not transferred with monocytes (Fig. 6f, g). Of note, these results
provide further evidence against a general toxic mechanism as a cause for the functional loss
induced by the depletion procedure.

Macrophages derived from infiltrating monocytes display immunoregulatory features
To gain insight into the mechanism by which the infiltrating monocyte-derived M),
located to the margins of the lesion site, contribute to recovery, we examined whether and how
their ablation affected the level of activated resident microglia. Interestingly, both the DTxmediated ablation of monocyte-derived M) and the depletion of Ly6C+(Gr1+) monocytes from the
peripheral blood caused an overall increase in the number of IB-4+ cells, indicating enhanced
activation of the resident microglia in the absence of infiltrating monocyte-derived M) (Fig. 7a-c).
Furthermore, transfer of wt monocytes following ablation restored the regulation of the local
immune response, as the numbers of activated resident microglia were decreased to levels similar
to those found in mice that were not treated with DTx (Fig. 7d). These results suggested that the
beneficial effect of the infiltrating monocyte-derived M) might be due to a regulatory role in
controlling the local inflammation, induced following SCI.
To investigate the factors mediating this regulatory effect, we tested whether these cells
exhibited characteristics associated with immune-regulating activities [48,49]. Interestingly,
analysis of lesion sites revealed that the monocyte-derived M) that were located at the margins of
the lesion site, but not the distal ones, expressed arginase-I (Fig. 7e, f) and the anti-inflammatory
cytokine, interleukin 10 (IL-10) (Fig. 7g-i). Moreover, ablation of CD11c-expressing monocyte-
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derived M) resulted in an overall decreased level of IL-10 in [CD11c-DTR > wt] BM chimeras
(Supplementary Fig. 9). Furthermore, adoptively transferred naïve monocytes that were injected
to the DTx-treated mice, and restored recovery, also expressed similar immunoregulatory features
upon encountering the lesion margins (Fig. 7j).

The contribution of infiltrating monocyte-derived macrophages to the recovery process is
crucially dependent upon their expression of IL-10
To investigate the specific contribution of IL-10 to the recovery promoting activity of
monocyte-derived M), we compared the functional recovery of DTx-treated mice that were
engrafted with wt monocytes to that of mice that were engrafted with monocytes derived from IL10-deficient mice. [CD11c-DTR > wt] BM chimeric mice were immunized with 45D and subjected
a week later to SCI. After the injury the mice were separated into 4 groups: one group was left
untreated, one group was treated with DTx, and the additional two groups received DTx and a
passive transfer of DTx-resistant monocytes either from wt or from IL-10 deficient mice. The
analysis of DTx-treated [CD11c-DTR (CD45.1) > wt (CD45.1)] BM chimeras that had received an
adoptive transfer of CD45.2+ monocytes (IL-10 deficient or wt) established that graft-derived IL10-deficient M) arrived at the lesion area and expressed CD11c, similarly to their wt counterparts
(Fig. 8a). In contrast to the engraftment with wt monocytes, transfer of IL-10-deficient monocytes
failed to restore recovery, and resulted in similar motor function as that observed in the DTx-treated
mice that did not receive monocytes (Fig. 8b). Moreover, replenishment of IL-10 deficient
monocytes did not reduce the lesion size nor restrict the activation of resident microglia (Fig. 8c,
d). These results establish that expression of IL-10 by monocyte-derived M) is a critical factor
determining their ability to control the local immune response and to contribute to the motor
function recovery.
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Discussion
In this study we demonstrated that M) derived from infiltrating monocytes, located at the
margins of the lesion site, contribute to repair following spinal cord injury by mediating an
immunoregulatory role via the anti-inflammatory cytokine, IL-10. These cells are pivotal and nonredundant players in the spontaneous recovery process following injury, as their CNS counterpart,
the resident microglia, could not replace their functions. The physiological recruitment of the
monocyte-derived M) to the injured spinal cord and their essential role in the recovery were
demonstrated using a variety of independent techniques. We found that monocytes spontaneously
infiltrate to the damaged CNS, and that their descendants preferentially accumulate at the margins
of the lesion site. Importantly, antibody-mediated monocyte depletion in wt mice and conditional
ablation of monocyte-derived M)in BM chimeras (resulting in the depletion of either naïve
monocytes in the peripheral blood or their infiltrating descendents at the lesion margins), in a
manner that spared the microglia, impaired recovery. Reconstitution of the monocyte pool by wt
monocyte transfer restored the improvement of motor function, whereas transfer of IL-10-deficient
monocytes failed to do so.
Two recent publications have questioned the use of BM chimeras in the study of the CNS
[8,9]; irradiation, even in the absence of further injury, mobilized monocytes to the noninjured
CNS. Our results are in line with these reports, though the numbers of these recruited cells were
negligible relative to their massive infiltration following spinal cord injury. Nevertheless, the
chimeras used throughout this study were prepared while shielding their heads during irradiation, a
procedure that prevents any non-specific infiltration of monocytes and therefore provides a reliable
model for investigating monocyte recruitment following SCI. To unequivocally prove that this
infiltration of monocytes resulted from the injury and not from the irradiation, we used passive
transfer of naïve monocytes to nonchimeric wt mice, and demonstrated, in agreement with other
studies [26,50-52], the spontaneous monocyte infiltration under CNS pathological conditions.
Immune cells, and in particular M)/monocytes, have been recognized as a heterogeneous
population in terms of their functional role, beyond host defense, in the healing of peripheral
organs. However, in the CNS, which is considered an immune privileged site, the low levels of
spontaneous recovery have been attributed, at least in part, to a robust and detrimental local
inflammatory response [1,6,7,10].
Our group demonstrated almost a decade ago that alternatively-activated M)promote CNS
recovery from injury; specifically, we showed that peripheral M) activated ex vivo by exposure to
peripheral nerve tissue, and when injected at a specific time frame after the injury to the margins of
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the lesion site, benefit repair [22,53,54]. Our finding that such recruited M) are needed for repair
was unexpected, primarily due to the fact that the site of injury is already laden with microglia/M),
and it was not clear what further functionality could be provided by the additional cells that were
introduced.
The present study highlights the fact that infiltrating monocyte-derived M) and resident
microglia differ in their distribution and activities following SCI. The resident microglia were
found to be distributed throughout the epicenter of the lesion and at its margins. In contrast, M)
that derive from an acute monocyte infiltrate were largely excluded from the lesion center and
preferentially located at its margins. Selective ablation of monocyte-derived M) resulted in
increased numbers of resident activated microglia and impaired recovery. Thus, the increased
number of microglia failed to compensate for the loss of infiltrating monocyte-derived M),
suggesting that these recruited cells have a unique role in the recovery process that cannot be
replaced by the resident microglia. The distinctive roles of microglia and monocyte-derived M)
may be related to the activation state of these myeloid cells prior to encountering the damaged
tissue; the resident microglia are embedded in the CNS prior to the injury and are immediately
activated by the insult, whereas the naïve infiltrating monocyte-derived M) do not encounter the
injured CNS tissue prior to their delayed arrival to the damage site [55]. Importantly, even within
the infiltrating monocyte population, markers expressed on the naïve monocytes can be changed
once they encounter the CNS environment, and therefore their presence in the parenchyma could
not always be followed by the same set of markers used to trace these cells in the blood.
Our present results further suggest that the spontaneous recovery following injury involves
monocyte-derived M), yet these cells, at their natural levels and activation state, cannot mediate
complete recovery. Increasing the naïve monocyte-pool by either adoptive transfer or CNS specific
vaccination resulted in a higher number of spontaneously recruited cells and improved recovery.
This suggests that at least one of the limiting factors in the beneficial involvement of innate
immune cells following CNS injury is the availability and/or the extent of the spontaneous
recruitment of monocytes from the circulation. However, it remains to be shown how the
stimulation of the CNS antigen-reactive T cells in the vaccination protocol we used contributes to
the enhanced monocyte recruitment, be it via local modifications at the lesion site or systemic
effects.
Previous studies, which reported enhanced recovery following depletion of M), mediated
by injection of liposome-encapsulated clodronate [1], or blockage of their recruitment using antiintegrin antibodies [6,7,10,56-58] or chemokine antagonists [59], suggested that myeloid cells are
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detrimental to tissue recovery. The techniques used in those studies resulted in non-selective
depletion or prevented recruitment of all M)/ myeloid cells, regardless of their phenotype,
activation, location, and, most importantly, origin. However, in the present study, we ablated only
activated CD11c expressing monocyte-derived M), but spared the resident microglia.
Interestingly, the monocytic infiltrate, whether spontaneous or enhanced by vaccination,
was not detected immediately after injury. Moreover, ablation of monocyte-derived M) from the
second week onwards had no effect on functional recovery. Taken together, these two observations
suggest that the essential effect of these cells is restricted to the first week following injury, and
probably between day 4 and day 7 post-injury. Thus, our results do not absolutely negate a potential
deleterious effect of other blood derived cells following SCI [60], but rather establish that assuming
all M) to be destructive at all time points is an inaccurate generalization.
Importantly, our work does not contradict other studies demonstrating the benefit attained
by the restriction of local inflammation at a certain time point and by a specific sub-population of
immune cells [6,7,10,61-63]. Our results, however, attribute a novel immunoregulatory function to
CD11c+ monocyte-derived M), which benefits the injured CNS by controlling the local immune
response, rather than adding to the already-detrimental inflammation. Such regulation depends on
timing and location. Thus, our work further substantiates the notion that while the global
suppression of the immune system denies its potential benefit, a controlled immune response is
pivotal for repair.
Histological examination of the SCI lesion sites showed that the monocyte-derived M),
located at the margins of the lesion site, expressed immunoregulatory factors, such as arginase-I
and IL-10. Notably, they share these features with the so-called myeloid derived suppressor cells
(MDSC) [48,64-67], that were originally identified in the context of tumor immune escape
mechanisms [64-71], and have more recently been suggested in non-CNS tissue repair [34,35] and
in the resolution of autoimmune disease of the CNS [32,72]. Importantly, our adoptive transfer
experiments showed that IL-10-deficient monocyte-derived M) failed to promote recovery. This
established that the anti-inflammatory cytokine, IL-10, which dictates MDSC activities outside the
CNS [65,73], is a critical factor determining the beneficial function of the monocyte-derived M) in
CNS repair. Further studies are needed to establish whether these infiltrating monocyte-derived
M), identified here as essential for CNS recovery, are related to the MDSC population.
Interestingly, ablation of the monocyte-derived M) seemed to affect the resident microglia. Thus,
the SCI lesions of DTx-treated mice displayed a consistent significant increase in IB4+ cells in the
histological examinations. Moreover, following this ablation, the flow cytometric analysis showed
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a higher percentage of activated CD11c+ resident microglia at the lesion area. Although further
experiments are required to explore this crosstalk between the M) infiltrate and the resident
microglia, this study argues against the general assumption that any increased infiltration of
immune cells to the CNS will necessarily lead to enhanced destructive inflammation, but rather
reveals that the infiltrating CD11c+ M) locally exhibit a phenotype that mediates the downregulation of the local immune response.
Altogether, our study brings a new insight into the long-standing debate regarding the
contribution of M) to CNS repair. We defined a critical non-redundant role of a unique subset of
infiltrating monocyte-derived M) that, at a specific location and time frame, mediate their
beneficial activity through secretion of an immunoregulatory cytokine. This new understanding of
the differential role of activated resident microglia and infiltrating monocyte-derived M) and their
mutual relationship following CNS insult, might enable the development of novel approaches to
manipulate and refine the endogenous repair mechanisms, and thereby to improve currently
available therapies for CNS injuries.
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Figure 1. Monocyte-derived macrophages, spontaneously recruited to the injured spinal cord
following injury, promote functional recovery. Wt mice were subjected to spinal cord injury and
received passive transfer (injected intravenously) of monocytes (CD45.1+ or Cx3cr1GFP ) during the
first week of recovery. (a-c) Spinal cords were excised 7 days after the injury and analyzed for the
presence of infiltrating monocyte-derived M). Flow cytometric analysis of (a) lesion area (4mm
segment) of injured spinal cord from mice treated with and without (w/o) adoptive transfer of
monocytes (CD45.1+/CD11b+), indicating the arrival of the graft-derived M) to the lesion area. (b)
Flow cytometric analysis of lesion and distal areas (4mm segment each) from injured spinal cords
of adoptively transferred mice indicating the accumulation of the graft-derived M)
(CD45.1+/CD11b+) mainly at the lesion and not at the distal areas (2259±431 engrafted cells per gr
tissue taken from lesion area) (c) Immunohistochemical analysis showing the adoptively transferred
cells (Cx3cr1GFP /+; green) restricted to the margin of the lesion site, delineated by GFAP+ cells (red)
(scale bar; 100Pm). (d) Similarly treated animals were followed for locomotion activity. Mean
locomotor score (BMS) of individual mice on day 28 after spinal cord injury (n=7-10; Student's ttest ***P<0.001), suggesting that increasing the pool of naïve monocytes by their i.v. injection to
wt mice following spinal cord injury enhanced recovery beyond spontaneous levels.

Figure 2. Monocyte-derived macrophages acquire a unique phenotype in close proximity to
the lesion site. Chimeric mice were subjected to spinal cord injury and analyzed a week later for
homing cells. (a) Cells labeled for IB-4 (red), and GFP (green) at the lesion site of [Cx3cr1GFP/+ >
wt] BM chimeric mice. (b) Cells labeled for GFAP (red) and GFP (green), demonstrating that the
infiltrating myeloid cells barely penetrate the lesion epicenter. (c) Representative flow cytometric
analysis showing the extent of expression of various markers by the infiltrating myeloid cells
(CD11b+/ Cx3cr1GFP/+/CD45.1+) in the injured spinal cords of [Cx3cr1GFP/+ (CD45.1) > wt
(CD45.2)] BM chimeras. The percentage of the positive cells within the infiltrating myeloid
population is indicated above each marker (isotype control, gray line). (d) Spatial distribution map
of monocyte-derived M) (GFP+) at specific distances relative to the epicenter of the lesion site in
[Cx3cr1GFP/+ > wt] BM chimeras based on immunohistochemical analysis. (e) High magnification
of GFP+ cells (green) from distal and marginal areas of the lesion, demonstrating morphological
differences. (f) Representative confocal micrograph of longitudinal sections from injured spinal
cord of [Cx3cr1GFP/+> wt] BM chimeras, labeled for Ly6C (red), and infiltrating monocyte-derived
M) by GFP (green). Lower panel: Z-axis projection of a single cell expressing GFP (green) and
Ly6C (red). (g) Representative confocal micrograph of longitudinal sections of injured spinal cord,
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labeled for monocyte-derived M) by GFP (green) and CD11c (red). Lower panel: Z-axis
projection of single cell expressing GFP (green) and CD11c (red). (h) Flow cytometric analysis of
distal and lesion spinal cord samples for CD11c expression on CD11b+ M). Note the higher
incidence of CD11c+ cells in the lesion sample. (i) Split images of a single cell co-expressing IB-4
(red) and CD11c (yellow). The dashed line demarcates the lesion site in (a), (b), (f) and (g), as
determined by GFAP immunoreactivity. Scale bar in (b) and (g), represents 250Pm; in (a) and (f)
100Pm; in (e), (i) and lower panels of (g) and (f) 10Pm. Five mice were analyzed in each group.

Figure 3. Infiltrating monocyte-derived macrophages are involved in the spontaneous process
of functional recovery from spinal cord injury. [CD11c-DTR: Cx3cr1GFP/+ > wt] BM chimeras
were generated by reconstitution of irradiated C57BL/6J mice with CD11c-DTR: Cx3cr1GFP/+ BM.
All mice were subjected to spinal cord injury, and half of them received intraperitoneal injections
of DTx starting immediately after the injury, every other day. (a) Hind-limb locomotor
performance was assessed according to the Basso Mouse Scale (BMS) (n=9-18 mice in each
group). (b) Mean locomotor score (BMS) of individual mice on day 28 after spinal cord injury
(Student's t-test; *P=0.03). (c) Staining for myelin by Luxol (blue), and nuclei by Nissl (pink) both
in the absence (w/o; upper panel) or in the presence (lower panel) of DTx (scale bar 250Pm). (d)
Quantitative analysis of the size of the injury site as a function of treatment with DTx, determined
by Luxol and Nissl staining. Ablation of infiltrating CD11c+ monocyte-derived M) resulted in
increased lesion size following spinal cord injury ( Student's t-test; *P=0.04).

Figure 4. Vaccination results in enhanced infiltration of monocyte-derived macrophages to
the injured spinal cord. [Cx3cr1GFP/+> wt] BM chimeric mice were generated by reconstitution of
irradiated C57BL/6J mice with bone marrow cells from Cx3cr1GFP/+-transgenic mice. Half of these
chimeras were vaccinated with myelin-derived altered peptide (45D) 7 days before the spinal cord
contusion. Spinal cord sections were prepared from mice killed 1, 4, 7, 14, and 21 days after injury.
(a) Quantitative analysis of cells labeled with IB-4, to identify both resident microglia and
monocyte-derived M), at different time points after the contusion, in either vaccinated (gray bar)
or unvaccinated (black bar) mice (ANOVA; F=11.9, P=0.0001). (b) Kinetics of monocyte-derived
M) infiltration to the injured site, measured by the number of GFP+ cells in both vaccinated (gray
bar) and unvaccinated (black bar) mice. Vaccination significantly enhanced the monocyte-derived
M) infiltration to the injured site (ANOVA; F=61.2; P=0.0001). (c) Sections from [Cx3cr1GFP/+>
wt] BM chimeras labeled for GFP (representing infiltrating monocyte-derived M); green) in
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unvaccinated (upper panel) and vaccinated mice (lower panel) (scale bar 250Pm). (d) Quantitative
analysis of GFP+/CD11c+ cells at the injury site revealing increased numbers of infiltrating CD11c+
monocyte-derived M) following vaccination (Student's t-test; ***P<0.001). At each time point 4-5
mice were analyzed in each group. In the kinetic analysis, significant differences were found
between vaccinated and unvaccinated groups as well as between different time points. The dashed
line in (c) that demarcates the lesion site was determined according to GFAP immunoreactivity.

Figure 5. Conditional ablation of monocyte-derived macrophages at the injured site or
antibody-mediated monocyte-depletion in the peripheral blood abolishes the augmented
recovery in a paradigm of vaccination. (a-e) [CD11c-DTR: Cx3cr1GFP/+ > wt] BM chimeras were
vaccinated 7 days before the spinal cord contusion and divided into two groups, one group was left
untreated and one group was injected i.p. with DTx every other day starting immediately after the
injury. (a) Flow cytometric analysis of lesion sites in injured DTx-treated and non-treated [CD11cDTR>wt] BM chimeras. Note specific ablation of CD11c+ infiltrating monocyte-derived M) in
DTx-treated mice, but persistence of CD11c+ resident microglia (GFP-). The cells in the dot plots to
the right are gated according to CD11b expression, as indicated. (b) Hind-limb locomotor
performance was assessed according to the Basso Mouse Scale (BMS) (n=9-18 mice in each group;
repeated measure ANOVA; FBetween-groups=40.06; P=0.0001). (c) Mean locomotor score (BMS) of
individual mice on day 28 after spinal cord injury (Student's t-test; ***P<0.0001). (d) Staining for
myelin by Luxol (blue), and nuclei by Nissl (pink) in the absence (w/o; upper panel) or in the
presence (lower panel) of DTx (scale bar 250Pm). (e) Quantitative analysis of the size of the injury
site as a function of treatment with DTx, determined by Luxol and Nissl staining. Ablation of
infiltrating CD11c+ monocyte-derived M) resulted in significantly increased lesion size following
spinal cord injury (Student's t-test; ***P<0.0001). (f-h) Depletion of Ly6C(Gr1+)CCR2+ monocytes
in the blood, using MC-21 antibody (f) resulted in worsening of recovery (g; n=6-7 mice in each
group; repeated measure ANOVA; FBetween-groups=73.623; P=0.0001) and larger lesion size
compared to control group (h; Student's t-test; *P=0.016). Asterisks denote statistically significant
differences between the indicated groups in (c), (e) and (h), and compared to the relevant controls
in (b) and (g).

Figure 6. Replenishment of the monocyte pool restores functional recovery from spinal cord
injury. Vaccinated [CD11c-DTR > wt] BM chimeras were subjected to SCI and subsequently
divided into three groups: one group remained untreated and served as a control. The two others
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were treated with DTx during the first week after injury with or without replenishment of their
monocyte pool with Cx3cr1GFP/+ monocytes (CD45.1). (a) Flow cytometric analysis of the naïve
monocyte graft, isolated from the BM, prior to its injection to the injured mice. Note that the vast
majority of cells represent Cx3cr1GFP/+/CD115+ monocytes. (b) Flow cytometric analysis of spinal
cord samples to identify descendants of grafted monocytes (CD45.1+). Note specific homing of
transferred monocytes to the lesion area. The dot plot to the right is gated on CD11b+ M)
indicating CD11c expression on both grafted and endogenous cells. (c) Immunohistological
analysis of engrafted cells (GFP+; green), demonstrating their preferential localization to the
margins of the lesion site demarcated by GFAP (red). (d) Morphological differences between
marginal (right) and distal (left) engrafted cells (GFP+; green). (e) Mean locomotor score (BMS) for
each group as a function of time post injury. Adoptive transfer of monocytes resistant to ablation
administered in parallel to DTx treatment during the first week restored recovery (n= 8-12 mice in
each group; repeated measure ANOVA; FBetween-groups=15.97; P= 0.0001). (f) Staining for myelin by
Luxol (blue), and nuclei by Nissl (pink) of sections taken from DTx treated mice with or without
adoptive transfer of monocytes. (g) Quantitative analysis of the size of the injury site as a function
of monocyte transfer, determined by Luxol and Nissl staining. Adoptive transfer of monocytes
significantly reduced the size of the lesion site compared to the group that was DTx-ablated and did
not receive monocytes (ANOVA; F=42.17, P=0.0001); the statistical analysis was performed using
factorial ANOVA followed by the Fisher LSD procedure (*P=0.05). Asterisks indicate significant
differences compared to the relevant controls in (e) and between the indicated groups in (g). The
scale bars represent in (c) 100Pm; in (d) 10Pm; and in (f) 200Pm. The dashed line that demarcates
the lesion site was determined according to GFAP immunoreactivity.

Figure 7. Infiltrating monocyte-derived macrophages exhibit an immunoregulatory
phenotype. (a) Labeling of spinal cord sections with IB-4 (red) to detect the presence of local
inflammation, in DTx untreated (w/o) and treated mice. (b, c) Quantitation of IB-4+ cells
representing local inflammation, in mice treated with DTx along the entire recovery process, only
during the second week, or untreated (b; ANOVA; F=35.69; P=0.0001); or with and without
treatment with MC-21 (c; n=4-8, Student's t-test **P=0.002). (d) Quantification of the number of
IB-4+ cells in injured mice, with and without adoptive transfer of DTx-resistant monocytes after
depletion (ANOVA; F=4.52; P=0.03). (e) Arginase I expressing cells (ARG; red) are restricted to
the margins of the lesion site demarcated by GFAP (green). (f) In [Cx3cr1GFP/+> wt] BM chimeras,
infiltrating monocyte-derived M) (GFP+; green) expressed arginase I (ARG; red), arrows indicate
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double labeled cells. (g) Interleukin 10 (IL-10; red) expression is confined to the margins of the
lesion site demarcated by GFAP (green). (h) In [CD11c-GFP > wt] BM chimeras, monocytederived M) that expressed CD11c (GFP+; green) co-expressed interleukin 10 (IL-10; red). (i) In
[Cx3cr1GFP/+> wt] BM chimeras, monocyte-derived M) (GFP+; green) expressed interleukin 10
(IL-10; red) only in close proximity to the lesion site. (j) Graft-derived M) (GFP+) expressing
interleukin 10 (IL-10; red) at the margins of the lesion site following adoptive transfer to DTxtreated mice. Factorial ANOVA followed by the Fisher LSD procedure (*P=0.05) was used for
statistical analysis of results presented in (b) and (d); n=4-5 mice in each group, unless described
otherwise. Asterisks denote statistically significant differences between the indicated groups. Scale
bar in (a) represents 250Pm; in (e), (g) and (i) 100Pm; in (j) 50Pm; and in (f) and (h) 10Pm. The
dashed line that demarcates the lesion site was determined according to GFAP immunoreactivity.

Figure 8. The contribution of monocyte-derived macrophages to the healing process is
crucially dependent upon their expression of IL-10. [CD11c-DTR (CD45.1) > CD45.1] BM
mice were vaccinated with 45D, a week later subjected to a spinal cord injury, and then divided
into four groups. One group remained untreated and served as a control. The three other groups
were treated with DTx without or with DTx-resistant monocytes isolated from either wt or IL-10deficient mice. (a) Flow cytometric analysis of engrafted wt or IL-10- deficient (IL-10D)
monocytes (CD45.2) found at the lesion area of vaccinated [CD11c-DTR (CD45.1) > CD45.1] BM
chimeras treated with DTx. The cells in the dot plots to the right were gated according to CD45.2
expression, as indicated. M) derived from wt and IL-10-deficient monocytes were located at the
lesion area, and expressed CD11c to a similar extent (284.4±45.9 versus 301.4±10.8
CD11b+/CD45.2+ engrafted IL-10 deficient and wt M), respectively; n=5 in each group; Student's
t-test P=0.72). (b) Mean locomotor score (BMS) for each group as a function of time post injury.
Adoptively transferred wt or IL-10-deficient (IL-10D) monocytes were administered in parallel to
DTx treatment in the first week following injury (n=7-11 mice in each group; repeated measure
ANOVA; FBetween-groups=23.4; P=0.0001). (c) Quantitative analysis of the size of the injury site,
determined according to Luxol-Nissl staining, as a function of the type of monocyte transfer (wt;
IL-10D) (n=5-18, ANOVA; F=8.32, P=0.0004). (d) Quantification of the number of IB-4+ cells in
the lesion area of the different groups (n=4-10, ANOVA; F=21.05; P=0.0001). Factorial ANOVA
followed by the Fisher LSD procedure (*P=0.05) was used for statistical analysis of results
presented in (c) and (d). Asterisks denote statistically significant differences between the indicated
groups in (c) and (d), and compared to the relevant controls in (b).

Supplementary Figure 1. Infiltration of monocytes in head shielded chimeric mice results
from the injury and not from the irradiation.
(a, b) Representative pictures showing GFP expression (a) and its quantification (b) in non-injured
spinal cord of [Cx3cr1GFP/+ > wt] BM chimeric mice created with or without (w/o) head shielding
(Scale bar: 250μm). Results were verified using flow-cytometric analysis in [CD45.1> wt
(CD45.2)] BM chimeras (132±21 versus 8±7 CD11b+ (CD45.1) infiltrating monocyte-derived MΦ
per mg tissue without and with head shielding, respectively; Student's t-test *P<0.05). The GFP or
CD45.1 label allowed the identification of the BM-derived cells and their descendants in the
congenic GFP- or CD45.2 recipients. Head protection reduced the massive infiltration of myeloid
cells to non-injured spinal cords. (c) Representative pictures of infiltrating myeloid cells (GFP+) in
non-injured and injured spinal cord of [Cx3cr1GFP/+ > wt] BM chimeric mice prepared while
shielding the head (Scale bar: 250μm). (d) Monocyte-derived MΦ (GFP+) were found along the
central canal throughout its entire length (Scale bar: 50μm). (e) Chimeric [wt > wt] and non
chimeric mice were subjected to spinal cord injury and adoptively transferred with CD45.1+
monocytes (CD115+). Quantification of CD11b+/CD45.1+ graft- derived cells based on flow
cytometric analysis revealed that the same numbers of engrafted monocytes infiltrated to the
injured spinal cord in non-chimeric and chimeric mice (n=4 ; Student's t-test; P=0.84).

Supplementary Figure 2. Monocyte-derived macrophage localization to the margins of the
lesion is independent of the lesion severity. Immunohistochemical analysis from [Cx3cr1GFP/+ >
wt] BM chimeric mice that were subjected to a moderate contusive injury of the spinal cord (70
kdynes), showing the restricted accumulation of the infiltrating monocyte-derived MΦ (Cx3cr1GFP
/+

; green) at the margins and not at the epicenter of the lesion site, similar to the distribution of these

cells in the severe injury conducted throughout this study (scale bar; 100μm).

Supplementary Figure 3. Monocyte-derived myeloid cells do not express lymphoid or
progenitor markers. Representative flow cytometric plots showing the lack of expression of

various

lymphoid/

progenitor

markers

by

the

myeloid

infiltrating

cells

(CD11b+/

Cx3cr1GFP/+/CD45.1+) in injured [Cx3cr1GFP/+ (CD45.1) >wt (CD45.2)] BM chimeras (isotype
control, gray line). The percentage of the positive cells within the infiltrating myeloid population is
indicated above each marker
.

Supplementary Fig 4. Expression of CD11c in the epicenter of the lesion site from day 14 post
injury and onwards. Longitudinal sections labeled for IB-4 (red), GFP (green) and CD11c
(yellow), showing that, at later time points (d14 and onwards), CD11c expression by the resident
microglia (IB-4+/GFP- cells) was also observed at the epicenter of the lesion and not only at its
margins. Right panel shows split images of the left panel. (Scale bar represents 250μm). The
dashed line that demarcates the lesion site was determined according to GFAP immunoreactivity.

Supplementary Fig 5. Vaccination with a CNS-specific antigen is required to augment
infiltration of monocyte-derived macrophages to the injured spinal cord. [CD45.1 >wt
(CD45.2)] BM chimeras were vaccinated 7d prior to spinal cord injury with: CNS specific antigen
(45D/CFA), the irrelevant antigen ovalbumin (OVA/CFA), CFA, or PBS alone. The injured spinal
cords were analyzed one week after injury for the entrance of the infiltrating monocyte-derived MΦ
(CD45.1+/CD11b+). Increased infiltration could be seen only in the mice that were vaccinated with
CNS-specific antigen. (n= 3-6; ANOVA; F=4.52; P=0.03). Factorial ANOVA followed by the
Fisher’s LSD procedure (*P=0.05) was used for statistical analysis; asterisk indicates significant
differences between the indicated group to all other groups.

Supplementary Figure 6. Diphtheria toxin depletes CD11c expressing monocyte-derived
macrophages at the lesion area. (a) GFP staining of the injury site in [CD11c-DTR: Cx3cr1GFP/+ >
wt] BM chimeras to detect the presence of monocyte-derived MΦ, without (w/o; left panel) or with
(right panel) DTx ablation (Scale bar; 250μm). (b) Quantitative analysis of monocyte-derived MΦ
(number of GFP+ cells) at the injured site. Treatment with DTx significantly reduced the number of
monocyte-derived MΦ (n=4-5 mice in each group; ANOVA; F=21.5; P=0.0013). (c)
Representative micrograph of injured spinal cord sections, labeled for monocyte-derived MΦ by
GFP (green) and for CD11c (red). The sections were taken from DTx-treated animals, showing that
the remaining GFP+ cells following ablation are CD11c negative (Scale bar; 100μm). Factorial
ANOVA followed by the Fisher LSD procedure (*P=0.05) was used for statistical analysis of
results presented in (b).

Supplementary Figure 7. DTx treatment of wt mice that do not harbor the DTR transgene
does not inhibit functional recovery from spinal cord injury. C57BL/6J mice were subjected to
contusive spinal cord injury. Half of the animals were treated with DTx starting immediately after
the injury. Locomotion was recorded at different time points following the injury, and is presented
as the mean locomotor score (BMS) for each group. DTx administration to the non-chimeric
(C57BL/6J) mice did not affect functional recovery following spinal cord contusion (n=9-11 mice
in each group; repeated measure ANOVA; P=0.73).

Supplementary Figure 8. Ablation of monocyte-derived macrophages in the second week or
at the chronic phase following spinal cord injury does not affect recovery. (a,b) [CD11c-DTR:
Cx3cr1GFP/+> wt] BM chimeras were vaccinated with 45D 7 days prior to spinal cord injury, and
were treated with DTx during the second (2nd) week, along the entire period of recovery or without
DTx treatment. (a) Mean locomotor score (BMS) for each group as a function of time post injury,

showing that infiltrating monocyte-derived MΦ ablation does not affect recovery when it is carried
out during the 2nd week (n=7-13 mice in each group; repeated measure ANOVA; FBetweengroups=16.22;

P=0.0001). (b) Quantitative analysis of the size of the injury site as a function of

treatment with DTx (ANOVA; F=16.34; P=0.007). (c) After verifying that monocyte-derived MΦ
(GFP+) expressing CD11c were still found at the injury site one month after injury, immunized and
non-immunized mice were administered with DTx by repeated injections starting from one month
after SCI, when the animals already reached plateau levels of recovery. The ablation of infiltrating
monocyte-derived MΦ by DTx application at this late chronic stage had no effect on locomotive
ability (n=5-8 mice in each group). Asterisks denote statistically significant differences between the
indicated groups in (b) and compared to the relevant controls in (a).

Supplementary Figure 9. Ablation of monocyte-derived macrophages results in reduction of
IL-10 levels in the injured site. (a, b) The levels of IL-10 in the injured site of [CD11c-DTR:
Cx3cr1GFP/+> wt] BM chimeras that were treated without (w/o) or with DTx were tested; (a)
Representative micrographs of spinal cord sections labeled for IL-10, in the absence or presence of
DTx treatment (Scale bar: 100μm). (b) Quantification of IL-10+ cells in the spinal cords with and
without DTx treatment, based on immunohistochemical analysis (n=4 per group; Student’s t-test;
**P<0.01).
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Origins and tissue-context-dependent fates of blood
monocytes
Chen Varol, Simon Yona and Steffen Jung
Peripheral blood monocytes play a central role in the mononuclear phagocyte system by providing a critical link between the
bone marrow (BM), as major site of adult hematopoiesis, and peripheral, terminally differentiated mononuclear phagocyte
populations, as represented macrophages and dendritic cells. Moreover, recent experimental evidence highlights the plasticity
of these ephemeral mobile cells and their direct involvement in the establishment and resolution of inflammatory reactions. Here
we summarize the recent advance in our understanding of monocyte origins, subset dynamics and monocyte fates. In particular,
we will focus on emerging evidence for monocyte recirculation to the BM and discuss its potential implications in health and
disease.
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The mononuclear phagocyte system, as defined by Van Furth and
Cohn,1 covers non-granulocytic, myeloid cells that collectively play
important roles in tissue remodeling and homeostasis, as well as
regulatory and stimulatory aspects of innate and adaptive immunity.
Historically, the mononuclear phagocyte system has been divided into
two major terminally differentiated cell types, the macrophage (Mf)
and dendritic cells (DCs),2,3 which themselves comprise multiple subpopulations principally defined by distinct anatomic location and
phenotypes.
Additional key members of the mononuclear phagocyte system are
monocytes, which develop in the bone marrow (BM) from dividing
myeloid precursors, and are subsequently released to the peripheral
circulation as non-dividing cells,4 before they enter tissues, where their
fate is under intense investigation. Circulating monocytes constitute
about 10% of peripheral leukocytes in humans and are characterized
by atypical morphological features, such as irregular cell morphology,
bean-shaped nuclei and a high cytoplasm-to-nucleus ratio.5 Human
monocytes are long known to consist of discrete sub-populations,
identified by morphology, heterogeneity and by the differential
expression of antigenic markers. Distinct expression of CD14 and
CD16 allowed these cells to be divided into two subsets: a major
‘classical’ CD14highCD16 population and a minor ‘non-classical’
CD14low CD16+ subset.6,7 Murine BM and blood monocytes are
best defined by their expression of the macrophage-colony-stimulating-factor receptor (M-CSF receptor, CD115), CD11b (membraneactivating complex 1) and the F4/80 antigen.8 Furthermore, murine
monocyte studies have benefited significantly from the generation of a
mouse strain that was engineered to harbor a targeted replacement

of the gene encoding the CX3CR1 chemokine receptor by a green
fluorescent protein (GFP) gene (CX3CR1GFP mice9). All murine blood
monocytes, which represent in steady state about 2–4% of circulating
leukocytes, express CX3CR1.9 However, distinct surface expression
levels of the chemokine receptor allow the identification of two
discrete Ly6Chigh CX3CR1low and Ly6Clo CX3CR1high monocyte subsets.10,11 The ratio of the two subsets is generally stable with a small
excess of Ly6Chigh monocytes,12 but can be subject to rapid fluctuations by induced BM egress of the latter. Highlighting the conservation
of the monocyte dichotomy, CX3CR1 is also differentially expressed
on CD14high CD16 and CD14low CD16+ human monocyte subsets.11
Furthermore, distinct monocyte subsets have also been reported in
rats13,14 and pigs,15,16 with clear similarities between these species and
human and murine monocytes.
Adoptive transfer experiments in the murine system have established that the monocyte subsets are also functionally distinct:
although the CX3CR1high Ly6Clow population was characterized by
homing to non-inflamed tissues, CX3CR1low Ly6Chigh cells were
shown to be actively recruited to sites of inflammation. Accordingly,
the two murine monocyte subsets also differ in the expression of
molecules involved in leukocyte migration and homing: Ly6Chigh
monocytes are CCR2+ CD62L+, whereas Ly6Clow monocytes are
CCR2 CD62L . An additional criterion that can be used to distinguish between the two monocyte subsets is their morphology, with
Ly6Clow monocytes being smaller and less granular than the Ly6Chigh
cells.11,17 However, the monocyte compartment is likely to encode
more heterogeneity that remains to be revealed with the identification
of additional surface markers and the improvement of analytical
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techniques. Interestingly, Geissman et al.11 recently showed that a
major fraction of Ly6Clow monocytes constantly patrols and monitors
the blood vessel wall and can be rapidly recruited to sites of
inflammation, even preceding the arrival of Ly6Chigh cells.18 CCR2
deficiency leads to the accumulation of an otherwise minor Ly6Cint
monocyte population in the blood19 that selectively expresses CCR7
and CCR8. Moreover, additional subsets have also been reported for
human monocyte according to the expression of CD64 (FcgRI),20 as
well as the expression of the adhesion molecule CD56.21
THE ORIGIN OF MONOCYTES
Mononuclear phagocytes arise from mesoderm-derived hematopoietic
precursor cells, which in mammals are generated in two independent,
temporally and spatially separated ways.22 ‘Definitive’ intraembryonic
hematopoiesis results in the generation of multipotent hematopoietic
stem cells that eventually seed the BM. Hematopoietic stem cells give
rise to a progeny that progressively loses self-renewal capacity and
becomes restricted in its lineage potential. Clonogenic common
lymphoid progenitor cells can differentiate into T, B and natural killer
cells, but not into myeloid cells.23 Common myeloid progenitors were
shown to give rise to either megakaryocyte/erythrocyte or granulocyte/macrophage progenitors, all expressing cKit and negative for
Sca1, interleukin-7R and lineage markers.24 Monocytes originate in
the BM from the granulocyte/macrophage progenitor.24 More
recently, Fogg et al.25 identified a BM-resident clonogenic-committed
progenitor that, as opposed to granulocyte/macrophage progenitor,
lost the potential to differentiate into granulocytes. When cultured
under appropriate in vitro conditions or transferred into recipient
mice, the CX3CR1+ cKit+ lin cells expanded and gave rise exclusively
to Mf and DC. They were hence named macrophage DC progenitors
(MDPs).25 Intrabone cavity transfer of MDP established that within
their native microenvironment, MDPs differentiate into monocytes
that subsequently exit to the circulation, defining MDP as in vivo
precursors of monocytes.26 Notably, though MDP were shown to give
rise to the Ly6Chigh monocyte subset, it remains, however, unclear
whether MDP can also directly give rise to Ly6Clow monocytes or
whether these cells arise from an obligatory Ly6Chigh monocyte
intermediate given the observed monocyte conversion (Figure 1).26
Finally, the groups of Manz and Shortman have reported the existence
of an additional precursor cell.26 The exact relation of these so-called
CDPs or pro-DCs to MDPs remains unclear, due to discrepancies
between the potential of MDP and CDP/pro-DC to give rise to
macrophages and plasmacytoid DCs.27,28
CONTEXT-DEPENDENT FATE OF MOUSE MONOCYTES
The origin of terminally differentiated peripheral mononuclear phagocytes, that is Mf and DC, remains under intense investigation and a
controversial subject in the literature. Mechanisms that maintain
peripheral Mf and DC, which are not mutually exclusive but likely
operate in parallel or sequentially, include (1) self-renewal of differentiated resident cells, (2) migration, homing and limited proliferation
of BM-derived committed precursors in peripheral tissues and (3) the
continuous extravasation and differentiation of circulating precursors,
such as blood monocytes. The latter have indeed long been considered
to be the sole in vivo precursors of Mf and DC. However, recent
studies unraveled a striking developmental plasticity of these cells that
exceeds the mere replenishment of peripheral mononuclear phagocyte
pools. Influenced by their heterogeneity, monocyte fates are likely to
be dictated by the characteristic makeup of the specific microenvironment encountered upon their extravasation from the blood stream.
Notably, the distinction between Mf and DC, in particular under

Figure 1 Monocyte origins. Schematic illustration of the monocyte origin
from MDP and subset interrelations. Note that it remains unknown whether
Ly6Clow monocytes are generated through an obligatory Ly6Chigh intermediate
or whether MDP can directly give rise to these cells. Ly6Chigh monocytes recirculate between blood and BM compartments. BM, bone marrow; MDP,
macrophage DC progenitor.

dynamic conditions of inflammation and injury, is often arbitrary and
semantic. Despite this problem, we nevertheless stick for clarity
reasons throughout this review to this organization, rather than
talking in general about monocyte-derived cells, which might be
preferable.
Monocytes as M/ precursors
Mf are highly phagocytic cells believed to play a major role in the
maintenance of tissue homeostasis, through the clearance and destruction of bacteria, non-microbial foreign materials as well as senescent
cells and in the remodeling and repair of tissues after inflammation.2,29 The majority of adult tissue Mf were historically considered
to derive from the circulating monocyte pool. However, later studies
have shown that many tissue-resident Mf populations, such as
alveolar Mf30–32 splenic white-pulp and metallophilic Mf33 or liver
Kupffer cells34 are maintained through local proliferation, particularly
under steady-state conditions. In contrast, inflammatory insults result
in major contributions to the recruitment of blood-borne precursors
to the respective tissue Mf compartment.34–38 In a mouse model of
skeletal muscle damage, Arnold et al.38 reported that Ly6Chigh monocytes, which exhibit a pro-inflammatory profile, are recruited to the
site of injury, where they differentiate into proliferating F4/80high Mf,
switch their phenotype to acquire an anti-inflammatory profile and
stimulate myogenesis and fiber growth to restore muscle integrity. In
collaboration with the Schwartz group (Weizmann Institute of
Science), we recently showed that following spinal cord injury in
mice, Ly6Chigh monocytes are recruited specifically to the injured site,
where they differentiate into central nervous system Mf, which
beneficially regulate the resident microglia and aid the recovery
process through the release of interleukin-10 (Shechter, in preparation). Interestingly, there is also evidence for differential functions of
Immunology and Cell Biology
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the monocyte subsets in Mf differentiation. We established recently
using a combination of conditional cell ablation and in vivo reconstitution that only Ly6Clow but not Ly6Chigh monocytes harbor the
immediate potential to differentiate into lung Mf.39 In these studies
also, alveolar Mf that reside in the external lung cavities originated
from the adoptively transferred blood monocytes. However, this
process required an obligate parenchymal lung Mf intermediate
that subsequently migrated into the alveolar space.39 In another
study using a mouse model of myocardial infarction, Nahrendorf
et al.37 revealed that the two monocyte subsets harbor distinct,
temporally separated functions. Recruited through CCR2, Ly6Chigh
monocytes dominated at the injured heart in the first 3 days and
exhibited phagocytic, proteolytic and inflammatory activity. In contrast, the subsequent resolving phase was characterized by the
CX3CR1-dependent recruitment of Ly6Clow monocytes, which had
attenuated inflammatory properties, expressed vascular-endothelial
growth factor and promoted healing.37
Monocytes as precursors of DC
Dendritic cells joined the mononuclear phagocyte family rather late,
originally identified by Steinman40,41 in the 1970s according to their
unrivaled potential to stimulate naive T cells. Notably, this feature
remains the best criterion to distinguish DCs from their close relatives,
the Mf. DCs are specialized migratory antigen-presenting cells,
ubiquitously distributed both in lymphoid and non-lymphoid tissues
as sentinels, and specialized for the capture, processing and presentation of antigens to T cells.3,42
The ability of monocytes to differentiate into DCs was originally
demonstrated in vitro by Sallusto and Lanzavecchia43 in cultures of
human peripheral blood monocytes supplemented with granulocytemacrophage CSF (GM-CSF) and interleukin-4. The resulting ‘immature’ monocyte-derived DC could subsequently be matured by treatment with toll-like receptor ligands (lipopolysaccharide and CpG) or
tumor necrosis factor-a.44 Using an in vitro system of reverse transendothelial migration, Randolph et al.45,46 reported that DC can arise
from monocytes that migrate across endothelium in the ablumenalto-lumenal direction, whereas monocytes that remained in the subendothelial matrix developed into Mf.
In vivo differentiation of grafted monocytes under inflammatory
conditions into functional DC was shown by Geissman et al.11 Here,
adoptively transferred monocytes supported parathymic lymph node
CD8+ T-cell responses in otherwise incompetent major histocompatibility class I-deficient mice. Qu et al.19 showed that following
subcutaneous injection of fluorescent latex microspheres, Ly6Chigh
and Ly6Cint monocytes, but not Ly6Clow cells, were recruited to the
site of inflammation, differentiated into DC and migrated to the
lymph node.
Surprisingly, using the in vivo reconstitution of conventional DC
(cDC)-depleted mice, we found that adoptively transferred Ly6Chigh
monocytes efficiently seeded the recipient spleen with CD11cint
progeny, however, failed under non-inflammatory conditions to give
rise to splenic conventional CD11chigh DC (Figure 2).26 This finding
confirmed an earlier report from the Shortman group that adoptively
transferred monocytes differentiated into splenic cDC only under
vigorous inflammatory conditions.47 Interestingly, however, these socalled ‘inflammatory DCs’, which require GM-CSF for their development (Shalin H Naik, personal communication), remained poor T-cell
stimulators. The ‘inflammatory DCs’ resemble tumor necrosis factor/
inducible nitric oxide synthase-producing DCs, which accumulate in
the spleen following Listeria monocytogenes infection first identified by
the Pamer group.48 Serbina and Pamer49 subsequently showed that
Immunology and Cell Biology

following bacterial infection, Ly6Chigh monocytes egress in a CCR2dependent manner from the BM to the blood and enter the spleen
independent of CCR2 to give rise to tumor necrosis factor/inducible
nitric oxide synthase-producing DC. Importantly, in contrast to the
spleen, we recently found that both monocyte subsets can replenish
Peyer’s patch and mesenteric lymph node CD11bhigh CD11chigh DC
following their transfer into DC-depleted mice (Varol, in preparation),
suggesting that at least in the gut-associated lymphoid tissue,
monocytes are potential lymphoid-organ DC precursors. We hence
revise our original interpretation that monocytes generally do not give
rise to lymphoid-organ DCs26 and rather suggest that the fate of
monocytes in secondary lymphoid organs is context dependent
(Figure 2).
In contrast to the spleen, recent studies have highlighted the ability
of monocytes to give rise to non-lymphoid tissue DC in the skin and
the respiratory and intestinal mucosal. As mentioned earlier, Ly6Chigh
monocytes failed to replenish the splenic cDC compartment of DCdepleted mice. However, in the same recipients, the grafted monocytes
differentiated into CD11chigh lamina propria DCs.26 We recently
expanded this observation by showing that Ly6Chigh monocytes
specifically reconstituted CX3CR1+CD11b+ lamina propria DCs, but
that Ly6Clow monocytes failed to do so (Varol, in preparation)
(Figure 2). On the other hand, both Ly6Chigh and Ly6Clow monocytes
harbor the potential to give rise to DC in the respiratory tract
(Figure 2).26,39 Recently, the Randolph group showed that Ly6Chigh
monocytes differentiate into CD103+ lung DCs, whereas the Ly6Clow
monocytes might give rise to CD11bhigh lung DCs,50 further substantiating our findings. Using BM chimeras and parabiotic mouse
models, Merad et al.51 established that epidermal Langerhans cells
rely for their steady-state maintenance on self-renewal.51 However,
when Langerhans cells were depleted by irradiation with ultraviolet
light, they were replenished by BM precursors in a CCR2-dependent
manner.51 Ginhoux et al.52 subsequently identified these precursors as
Ly6Chigh monocytes (Figure 2). Interestingly, Langerhans cells are also
located within the mucosal epithelial lining of the vaginal and oral
cavities. In contrast to skin epidermal Langerhans cells, these vaginal
epithelial DCs are, however, readily reconstituted by BM-derived
precursors and under inflammatory conditions (elicited by intravaginal herpes simplex virus-2 infection) efficiently repopulated by
Ly6Chigh monocytes.53 Overall, the comprehensive establishment of
the link between monocyte subsets and the peripheral Mf and DC
pool in steady-state and under inflammatory conditions will require
further experimentation. Importantly, given the prominent role of Mf
and DC in immunostimulation and immunoregulation, their manipulation through adoptive monocyte transfers might harbor considerable therapeutic potential.
RECIRCULATION OF Ly6Chigh MONOCYTES BETWEEN BLOOD
AND BM COMPARTMENTS
In most current schemes of myeloid differentiation, the blood monocyte appears as a ‘one-way intermediate’ from the BM to the
peripheral blood. As mentioned above, using intrabone cavity transfers, we established the in vivo differentiation sequence from MDP to
BM and blood monocytes and terminally differentiated peripheral
mononuclear phagocytes (Figure 1).26 Unexpectedly, however, following these intrafemural MDP transfers, we retrieved graft-derived cells
from the non-injected contralateral bone cavities. Using intrabone
cavity and intravenous (i.v.) engraftment of Ly6Chigh BM monocytes,
we subsequently established that this cell population was responsible
for the inter-BM translocation. Furthermore, i.v. transfer of blood
monocytes further revealed that the BM-homing potential was inher-
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Figure 2 Tissue-context-dependent fates of monocytes. Note that the scheme focuses on the potential of Ly6Chigh monocytes to give rise to dendritic cells in
lymphoid and non-lymphoid tissues. The link between monocytes and macrophages is discussed in the text.

ent to the majority, if not all, of Ly6Chigh monocytes (Figure 1).26
Interestingly, Ly6Clow monocytes in contrast poorly home back to the
BM (C Varol, unpublished data). We have reported earlier that
adoptively transferred Ly6Chigh blood monocytes were poised to
migrate to sites of inflammation, but in the absence of the latter,
rapidly disappeared from circulation.11 We concluded that this
‘inflammatory’ monocyte subset is short lived with a half-life of a
day.11 In the light of our new findings that Ly6Chigh blood monocytes
shuttle in the absence of inflammation efficiently from the blood back
to the BM, we have revised this interpretation. Furthermore, given the
reported recruitment of Ly6Clow to sites of challenge,18 the term
‘inflammatory’ monocytes appears in retrospect to have been a
misnomer.
The BM is generally considered a primary lymphoid organ providing a unique microenvironment with defined niches for stem cells, as
well as for lymphogenesis and myelogenesis.54–57
Early BM B-cell development comprises a number of defined states
(pre-pro-B, pro-B and pre-B).58 Immature B cells then leave the BM
to mature in the spleen.59 Interestingly, up to a quarter of the mature
IgD+ IgM+ B-cell pool can subsequently be found recirculating in
steady state through the BM.60 Moreover, these BM-resident mature B
cells can participate in situ in T-independent humoral immune
responses to blood-borne microbes and antigens.60,61 The BM also
constitutes a storage site for terminally differentiated B cells, that is
memory B cells and plasma cells that acquired longevity as a result of

antigen-specific, cognate interactions with helper T cells within
germinal centers and represent the cellular basis for enduring longlived humoral immunity.62–64 Following activation in germinal centers, activated CXCR4high B cells are recruited to the BM through
CCL21/SDF-1a-producing stromal cells.65,66
T-cell development occurs in the thymus, but mature CD4+ and
CD8+ T cells continuously home to the BM as well.67 In addition, this
organ represents a major reservoir for both CD4+ and CD8+ memory
T cells.68,69 Both BM-resident naive and memory T cells can be
activated in situ.60,69,70 Moreover, we recently identified unique
perivascular clusters of DC that might represent bona fide BM
immune niches in which these T-cell responses occur.61
Attracted by CCL21/SDF-1a, senescent CXCR4high neutrophils
return for their clearance to the BM.71,72 The SDF-1a/CXCR4 chemokine axis serves as an important neutrophil retention mechanism
in the BM, by controlling responsiveness to CXCR2 ligands.72
Furthermore, circulating levels of neutrophils are controlled by
G-CSF, in the steady state. Interestingly, the uptake of apoptotic
neutrophils by BM Mf stimulates the production of G-CSF in vitro,
potentially creating a regulatory replenishment loop of circulating
neutrophils.73
Collectively, the above-mentioned examples demonstrate that
beyond its well-documented function as primary lymphoid organ in
the generation of leukocytes, the BM also represents a critical
compartment to support later functions in the lifespan of lymphocytes
Immunology and Cell Biology
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Figure 3 Potential implications of monocyte recirculation. Schematic illustration of the various fates that can potentially be acquired by Ly6Chigh monocytes
following their migration back to he BM. (a) Conversion of Ly6Chigh monocytes into the Ly6Clow monocytes contributes to the maintenance of monocyte pool
in the BM. (b) Recirculating Ly6Chigh monocytes can further differentiate into osteoclasts in the endosteum region following exposure to M-CSF and RANKL,
and thereby allow bone remodeling even in bones lacking hematopoiesis. (c) Recirculating Ly6Chigh monocytes might transport antigen to the BM or acquire
antigen in the BM from returning neutrophils and B cells, and further transport it to peripheral lymphoid organs. (d) The recirculation pathway of Ly6Chigh
monocytes might be hijacked and abused by pathogens for their dissemination to the BM. BM, bone marrow; M-CSF, macrophage-colony-stimulating-factor.

and myeloid cells. In the light of the above, recirculation of the
Ly6Chigh monocytes represents thus rather a rule than an exception.
WHY DO Ly6Chigh MONOCYTES RETURN TO THE BM?
In contrast to neutrophils that return to the BM to die, a number of
recent studies indicate that the recirculation of monocytes might be
related to unique, yet still, poorly understood tasks that the cells
perform in this compartment (Figure 3).
Recirculating Ly6Chigh monocytes convert in the BM to the Ly6Clow
monocyte subset
Sunderkötter et al.17 were the first to report the conversion of Ly6Chigh
into the Ly6Clow monocytes. In the experimental system used in their
Immunology and Cell Biology

study, mice were initially depleted of blood monocytes by clodronateloaded liposomes administered i.v. and were sequentially injected i.v.
with fluorescent dye DiI (DID; Molecular Probes, Eugene, OR, USA)loaded fluorescent liposomes, enabling the tracking of cells that
internalize them. The Ly6Chigh monocytes were the first monocyte
subset that repopulated the blood, whereas only 3 days later Ly6Clow
monocytes were found labeled. The authors concluded that Ly6Chigh
monocytes convert in the blood into the Ly6Clow subset, with an
Ly6Cint intermediate.17 The results of our Ly6Chigh BM and blood
monocyte transfer studies provide direct evidence for the existence of
monocyte conversion and established that Ly6Chigh monocytes can act
as an efficient precursor pool of Ly6Clow BM and blood monocytes.
However, given the kinetics of the BM monocyte appearance after
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intrabone cavity transfer and the extraordinary BM-homing efficiency
of the i.v. injected Ly6Chigh monocytes, our results suggest that the BM
is a major site of monocyte conversion.26 This notion is also supported
by the finding of the Leenen group that the injection of DiD-loaded
liposomes resulted in a rapid disappearance of all monocytes from the
blood, and the DiD-labeled monocytes, which re-appeared first in the
blood, were of Ly6Clow phenotype.17
In further support of the BM as the main conversion site, the CCR2
deficiency specifically affects the BM egress of Ly6Chigh monocytes, but
not the numbers of CCR2 Ly6Clow monocytes.49 The site where the
conversion occurs and the factors mediating this process in health and
disease remain still unknown. Notably, however, we also do not want
to imply that Ly6Chigh monocytes represent an obligatory intermediate for the generation of Ly6Clow cells. Although not yet established,
there might be a direct pathway from MDP to Ly6Clow monocytes,
which would have interesting implications for the heterogeneity of this
still enigmatic monocyte subset.
Recirculating Ly6Chigh monocytes maintain the pool of monocytes
in the BM
Monocytes are generated in the BM and constitutively released to the
circulation in a CCR2-dependent manner.49 During systemic infection, monocytes rapidly egress from the BM resulting in a significant
increase in circulating monocyte levels. In primates, hemolytic uremic
syndrome, bacterial sepsis, human immunodeficiency virus and
experimental simian immunodeficiency virus infections reportedly
result in a pronounced specific increase of CD14+ CD16+CX3CR1high
CCR2 monocytes.74–78 A similar elevation of the CD14+ CD16+
monocyte subset has been described in localized infections79,80 and
in patients with coronary artery disease,81 during the acute phase of
Kawasaki disease82 as well as following exercise.83 In contrast to
humans, in mouse infectious models, it is the Ly6Chigh sub-population
that is elevated.17,84 Our results indicate that experimentally induced
inflammation diverts these cells from their default homing pathway
(BM) toward the inflammatory site.26 In the steady state, Ly6Chigh
monocytes seem to patrol the circulation in surveillance for danger
signals. In the absence of the latter, they home back to the BM and
serve as an emergency pool that can be mobilized in case of need.
Recirculating Ly6Chigh monocytes as osteoclast progenitors
Bone is a dynamic tissue that is constantly being reshaped by
osteoblasts, which build bone and multinucleated osteoclasts of
hematopoietic origin that carry out the bone resorption.85 Osteoclast
formation has been shown to be critically dependent on the two
growth/differentiation factors, M-CSF and RANKL/TRANCE, as the
respective knockout mice develop severe osteopetrosis.86–88 In vitro
studies have established that osteoclasts can be derived from unfractionated, mature peripheral blood monocytes when exposed to these
factors.89,90 However, this differentiation pathway remains to be
established in vivo. Specifically, it remains unknown whether osteoclasts can be derived from recirculating Ly6Chigh monocytes. Early
studies have shown that osteopetrotic mice could be permanently
cured through a brief parabiotic union with normal littermates.91
Tinkler et al.92 examined the kinetics of osteoclast formation in
mice by labeling blood monocytes with titrated thymidine during
experimentally stimulated bone resorption. However, although 60% of
blood monocytes were labeled during the peak of osteoclast formation, the label of osteoclast nuclei in the metaphyseal endosteum of the
femur never exceeded 8%. These results establish the potential of
recirculating monocytes to provide a pool of osteoclast precursors in
the endosteum or differentiate into osteoclasts, although more experi-

ments will be required to investigate the physiological importance of
this pathway. Importantly, the link of osteoclast genesis and the blood
monocyte pool might be of critical importance for the maintenance of
bones that lack hematopoietic activity. For example, as children
develop and mature, the hematopoietic activity in the red BM
moves to the axial skeleton (flat bones, skull, ribs, sternum, clavicle,
vertebrae and pelvic bones) and proximal ends of long bones
(humerus and femur). This relocation is completed by 18 years of
age and the remaining marrow cavities are replaced with fat (yellow
BM).93 In case these monocytes are capable of recycling to these
bones, they could differentiate into osteoclasts and ensure bone
resorption. Clearly, further studies are required to elucidate the
in vivo role of monocytes as osteoclast precursors, the nature of the
factors regulating this process, the kinetics and the site of differentiation.
Recirculating Ly6Chigh monocytes disseminate pathogens to the BM
Intracellular parasitism is a key mechanism used by pathogenic
microorganisms to avoid the host defenses. Furthermore, the infection
of highly mobile leukocytes benefits pathogens in allowing their
dissemination away from the primary site of infection. The paradigm
holds that bacterial spreading often starts within phagocytes recruited
to the inflammatory foci of infection. Although they take part in
clearance of extracellular bacteria, the resulted infected phagocytes
may contribute further to the cell-to-cell spread. Infected phagocytes
can re-enter the blood stream, and thus systemically disseminate the
infecting agent. A particularly well-studied system is the host interaction with the intracellular pathogen L. monocytogenes, which derives its
name from the intricate association with blood monocytes.84,94,95 A
recent study reported that more than 90% of infected blood leukocytes
comprised CD11b+ mononuclear cells, of which most belonged to the
Ly6Chigh monocyte subset.84 Kinetic analysis showed expansion of the
Ly6Chigh monocyte subset and their influx into the brain 2 days
following systemic infection, which correlated with bacterial invasion
and upregulation of brain macrophage-chemoattractant protein-1
(MCP1) gene expression.84 The authors concluded that parasitized
Ly6Chigh monocytes are responsible for the dissemination of
L. monocytogenes to the central nervous system. Interestingly,
L. monocytogenes has been reported to invade and rapidly grow in
BM cells identified as myelomonocytic and characterized as CD31+
Ly6C+ CD11b+ Ly6Glow cells, leading to the suggestion that the BM
serves as a reservoir of L. monocytogenes.96 Circulating CD18+ phagocytes have also been implied in the dissemination of orally acquired
Salmonella typhimurium, although the exact identity of these cells
remains to be shown.97 Interestingly, similarly to acute infection with
L. monocytogenes, systemic chronic infection with Leishmania major
resulted in a shift toward the Ly6Chigh blood monocytes.17 Recirculation of Ly6Chigh monocytes and their return to the BM might be
exploited as an efficient route for a variety of pathogens to reach this
immunoprivileged compartment. In light of this, it is interesting that
most pathogens have been reported to reach the BM, although the
physiological relevance of this route in the establishment of persistent
infection or latency remains poorly understood.
Recirculating Ly6Chigh monocytes as precursors of BM-resident DC
Several studies have reported that both BM-resident naive and
memory T cells can undergo in situ antigen-dependent activation,60,69,70 suggesting that in addition to its established function as
primary lymphoid organ in hematopoiesis, the BM can also act as a
secondary lymphoid organ. More recently, we phenotypically and
functionally characterized a unique population of BM-resident DC
CD11chigh MHCIIhigh DC (bmDC).61 Intravital multiphoton imaging
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revealed that these bmDCs were concentrated in unique perivascular
clusters enveloping selected blood vessels and seeded with mature B
and T lymphocytes, as well as monocytes.61 Moreover, we showed that
bmDCs are critical for the maintenance of recirculating B cells in the
BM through the production of Mf migration-inhibitory factor.61
Given the link between monocytes and DCs, we recently investigated
the potential of adoptively transferred Ly6Chigh monocytes to give rise
to bmDC. Interestingly, our results established that like splenic cDCs,
bmDCs seem to originate in the steady state exclusively from MDP,
rather than from recirculating monocytes (Sapoznikov et al., in
preparation). However, these results do not exclude the possibility
that monocytes carry antigen into the BM to support T-cell responses,
as shown earlier for adoptively transferred DCs.60
Recirculating Ly6Chigh monocytes acquire antigen in the BM after
leaving the blood
The Randolph group98 recently reported the ability of Ly6Chigh
monocytes to acquire antigen in the BM and transport it to the
periphery. Using fluorescein isothiocyanate-labeled microspheres to
selectively label monocyte subsets, the authors showed that following
systemic depletion of blood monocytes, the Ly6Chigh monocyte
labeling relied on transfer of the tracer from B cells and neutrophils
migrating to the BM. Moreover, antigens conjugated to the tracer
particles were processed for presentation by monocytes and could
induce T-cell responses in the periphery, but not in the BM itself.98
Notably, as opposed to what has been reported for Mf,99 cellassociated antigen was retained by the Ly6Chigh monocyte intracellularly for presentation even days later.98 Neutrophils recruited to the
inflammatory foci could potentially ingest antigen and deliver it to the
BM for transfer to Ly6Chigh monocytes.100 Moreover, Ly6Chigh monocytes that were recruited to sites of inflammation could potentially
transfer antigen themselves after homing back to the BM. Notably, one
might argue that the high frequency of TCM,69 as well as naive and
memory B cells,65,66 calls for such a cell-mediated mechanism that
allows the BM to efficiently sample the periphery for antigens beyond
its immediate access to serum-borne material. It remains unknown
whether newly generated or recirculating Ly6Chigh BM monocytes are
involved in the antigen uptake, though recirculating Ly6Chigh monocytes might be uniquely suited for this task, as they might enter similar
microcompartments as the other recirculating cells. However, a
resolution of this question will require a better understanding of the
anatomic organization of the BM.
CONCLUSION
Monocytes represent arguably the most dynamic and versatile cell
population of the mononuclear phagocyte system, providing an
essential link between the sites of hematopoiesis and peripheral
organs. Moreover, beyond their function as Mf and DC precursors,
the recent advance in our understanding of the complexity of this cell
population has taught us to appreciate their raison d’etre in their own
right. Thus, distinct murine Ly6Chigh and Ly6Clow monocyte subsets
critically contribute both to the establishment and the resolution of
local inflammatory reactions and participate in the innate immune
surveillance of the organism. In-depth insights into monocyte biology
are likely to add to our understanding of homeostasis, pathogenesis
and healing processes. Furthermore, once extended to humans, they
might spur the development of monocyte-based cell therapies.
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Probing In Vivo Origins of Mononuclear Phagocytes
by Conditional Ablation and Reconstitution

2

Chen Varol, Limor Landsman, and Steffen Jung
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Summary

5

Dendritic cells (DCs) and macrophages (MΦs), collectively termed mononuclear phagocytes (MP), are
crucial for homeostatic tissue maintenance as well as the innate and adaptive host defense. These pleiotropic functions are likely to be covered by distinct DC and MΦ subsets, defined by anatomic location
and molecular make-up. However, task division within the MP system remains poorly defined. A key
to understanding of this issue, which might have important implications for the development of future
therapeutic strategies, is the elucidation of the in vivo origins of DCs and MΦs, whose study recently
gained striking momentum. Here we present methods to investigate the role of MP progenitors, such as
monocytes and MΦ/DC precursors (MDPs), in the replenishment of the peripheral MP system.
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1. Introduction
Mononuclear Phagocytes (MPs) play an important role in homeostasis and the innate and adaptive host defense against pathogens (1, 2). MPs have been divided into two major terminally
differentiated subsets: Macrophages (MΦs) and Dendritic cells
(DCs). In the organism, both these cell types consist of multiple
subpopulations largely defined by distinct anatomic location and
phenotypes (3, 4). MΦs include tissue-specific representatives
in the serosa, lamina propria (Lp), lung, brain, bone, and liver
(1). DCs, on the other hand, have in the mouse been subdivided into epidermal Langerhans cells (LCs), plasmacytoid DCs,
and CD11chi conventional DCs (cDCs) found in the spleen and
periphery (4).
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Peripheral MP populations are thought to rely on continuous replenishment from BM-resident hematopoetic stem cells
(HSCs). The HSC-to-MP differentiation pathway includes a
number of BM intermediates, such as common myeloid precursors (CMPs) (5), granulocyte/MΦ precursors (GMPs) (5),
and MΦ/DC precursors (MDPs) (6), characterized by progressively limited developmental plasticity arising from asymmetric
cell division. MDPs give rise to BM monocytes, which egress to
the blood, where they contribute to the inflammatory response
and act as circulating precursors of tissue MΦs and DCs (7–10).
Notably, some DC and MΦ populations, such as brain microglia,
epidermal LCs, and splenic cDCs, arise in the adult steady state
from local precursors without monocytic intermediates (11–13).
As in man, murine monocytes comprise two phenotypically
distinct subsets characterized as either Gr1hiCCR2+ CD62L+
CX3CR1int or Gr1lowCCR2−CD62L−CX3CR1high, (9). Under
steady-state conditions, Gr1hi monocytes shuttle between the
blood and the BM, where they can convert into Gr1low monocytes (7, 14, 15). Inflammation results in rapid CCR2-mediated
recruitment of the Gr1hi monocytes to the site of insult (7, 9,
16), whereas the homing pattern of Gr1lo monocytes remains less
understood. With regard to differentiation potential, Gr1hi monocytes were shown to give rise to LCs under inflammation (17) and
to intestinal and lung DCs under noninflammatory conditions (18,
19). Differentiation of Gr1hi monocytes into lung MΦs, however,
requires their prior conversion into Gr1low cells (18).
The most direct way to investigate the origin of MPs is by the
adoptive transfer of precursor cells into recipient mice and subsequent tracking of graft descendants. Here we present methods
that allow studying the potential of MDPs, BM monocytes, and
blood monocytes to differentiate in vivo into splenic, intestinal,
and pulmonary MPs. In combination with a novel Diphtheria
toxin-based conditional in vivo cell ablation strategy (20), this
transfer approach allows for efficient in vivo MP reconstitution
and sets the stage for future functional studies.
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2. Materials
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2.1. Animals
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Our approaches involve the use of the following mouse strains
(see Note 1):
1. CD11c:DTR transgenic mice (B6.FVB-Tg(Itgax-DTR/GFP)
57Lan/J, Jackson laboratory, stock #004509) that carry a
human diphtheria toxin receptor (DTR) transgene under the
murine CD11c promoter (20).
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2.3. Adoptive Transfer
of MDPs or Monocytes
into MP-Depleted
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2. CX3CR1gfp mutant mice (B6.129P-Cx3cr1tm1Litt/J, Jackson
laboratory, stock #005582) (21) harboring a targeted replacement of the cx3cr1 gene by an enhanced green fluorescent
protein (EGFP) reporter gene. CX3CR1 is the receptor of the
membrane-tethered chemokine CX3CL1 (fractalkine (Fkn)
(22). In the transfers we generally use heterozygote mutant
mice (CX3CR1gfp/+) that show a reduced surface receptor
expression, but exhibit no overt phenotype (21). CX3CR1gfp
donor mice have been crossed to mice bearing the CD45.1
allotype (B6.SJL-Ptprca Pepcb/BoyJ, Jackson laboratory, stock
#002014).

70

1. Diphtheria toxin (DTx) is dissolved in PBS at a concentration
of 1 mg/ml and stored in 10 μl single-use aliquots at −80°C.
Aliquots are diluted in PBS prior to use.

81

2. FACS buffer contains. 1% fetal bovine serum (FBS), 2
mM Na2EDTA, and 0.05% sodium azide. Fluorochromeconjugated antibodies used include: CD11c-APC or CD11cPE (eBioscience, clone N418), MHCII-PE (eBioscience,
clone M5/114.15.2), and CD11b-APC (eBioscience, clone
M1/70), stored at 4°C. Dilutions are performed in FACS
buffer.

84

3. FACS-Blocking reagents. Antimouse CD16/32-FC (FC)
block (eBioscience clone #93) or goat IgG (Cat#I5256, Sigma
Aldrich, Israel) stored at 4°C.

91

1. Ficoll-PaqueTM PLUS (Amersham Biosciences AB, Uppsala,
Sweden). Ficoll is light sensitive, and therefore should be
stored either in the dark or in opaque bottles at RT.

94

2. Antibodies. CD117 (cKit)-PE (BioLegends, clone 2B8), Gr1APC (eBioscience, clone RB6-8C5), CD11b-PerCP (BDPharmingen, clone M1/70), CD115-Biotin (eBioscience,
clone AFS98) stored at 4°C.

97

3. Heparin sodium from bovine intestine is reconstituted at
10,000 units/ml with DDW and stored at 4°C.

101
102

4. Magnetic cell sorting (MACS) buffer contains. 1% fetal bovine
serum and 2 mM Na2EDTA (see Subheading 2.2.3) (no
Azide!). Five ml of 100 mM EDTA is added to 10 ml of FBS,
stored for 10 min at RT, and added to 500 ml of PBS without
Ca++ and Mg++ (PBS−/−), sterile filtered, and degassed.
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5. Magnetic Cell Sorting (MACS) instruments and reagents
(Miltenyi Biotec, GmbH, Germany): MiniMACS Separator,
MS columns, and Streptavidin-Microbeads (cat #130-048102), which should be stored at 4°C and protected from light
are used according to the manufacturer’s protocols.
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6. Anesthetic: 10% Xylazine (20 mg/ml) and 10% Ketamine
(100 mg/ml) in PBS−/−. Mixture volume of 100 μl per 10 g
of recipient bodyweight is injected i.p.
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2.4. Analysis of
Precursor GraftDerived MPs
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1. Collagenase D is dissolved in PBS at a concentration of
200 mg/ml and stored in 20 μl (4 mg) single-use aliquots
at −20°C. Aliquots are diluted in PBS with Ca+2 and Mg+2
(PBS+/+) prior to use, to achieve 1 mg/ml solution.
2. ACK buffer. 0.15 M NH4C, 0.01 M KHCO3) is made by
dissolving of 8 g of NH4Cl and 1 g of KHCO3 in 1 l of
DDW. Solution is then divided into 50 ml aliquots and stored
at −20°C.
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3. A solution of 1 mM DTT is made by dissolving the DTT powder in PBS−/− to a final concentration of 0.1,543 mg/ml.

126
127

4. For intestine digestion, collagenase IV (0.5 mg/ml) and
DNAse (0.2 mg/ml) are dissolved in PBS+/+.

128

5. PFA (2%) solution is made by dissolving 10 g of paraformaldehyde in 200 ml of water at 60°C (solution appears milky).
NaOH is then added, drop by drop, until solution is cleared.
A volume of 50 ml × 10 concentrated PBS is added, and the
solution is cooled down. Volume is then completed to a total
of 500 ml, and pH is adjusted to 7.4 using HCl.

129
130
131
132
133

134

3. Methods

135

3.1. Conditional
In Vivo MP Ablation

144

1. Conditional ablation of MP is achieved using a Diphtheria
Toxin (DTx)-based cell ablation strategy (23). CD11c-DTR
transgenic mice carry a transgene encoding a human Diphtheria Toxin receptor (DTR) fused to the green fluorescent protein (GFP) under the control of the murine CD11c promoter
(20). CD11c-expressing MP, including all cDCs and specific Mϕ subsets (23–25), are sensitive to DTx and are hence
depleted upon toxin injection. In this conditional cell ablation
system, targeted cells die by apoptosis and are removed without causing major inflammation (26).

145
146

2. For systemic short-term MP depletion, mice are injected once
intraperitoneally (i.p) with 4 ng/g body weight DTx (20).

147

3. After i.p injection, toxin-induced MP depletion in spleen,
intestine, BM, and LNs persists for 2 days, after which MP
numbers are gradually restored (20) (Fig. 1). Lung DCs and
MΦs, however, are not efficiently depleted by this procedure,
but can be targeted by intratracheal (i.t.) DTx application (see
subheading 3.1.2) (18, 24).

136
137
138
139

3.1.1. Short-Term In Vivo
Ablation of Peripheral MPs

140
141
142
143

148
149
150
151
152
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Fig. 1. In vivo depletion of CD11c:DTR transgenic CD11c+ lung and spleen cells upon
intratracheal or intraperitoneal instillation of Diphtheria toxin (DTx), respectively.
CD11c:DTR mice were treated with DTx either i.p. (4ng/g, + DTx i.p.) or i.t. (100ng, +
DTx i.t.). Control littermates were either treated with PBS i.t. (+PBS i.t.) or left untreated.
Lungs and spleens were analyzed one day after treatments. Data show FACS analysis
of lung cells for CD11c and CD11b expression (upper panels) and of spleen cells for
CD11c+ and MHC class II expression (lower panels). Numbers indicate percentage of
gated cells from total cells.

4. Recipient mice are DTx treated prior to adoptive transfer
of donor cells. I.p injection is usually done one day before,
whereas i.t instillation of DTx is performed 3 h before
transfer.
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154
155
156

5. Transient CD11c cell depletion is not associated with signs
of illness or long-term defects (20). However, repetitive systemic DTx application results in lethality in CD11c-DTRtransgenic mice. For long-term in vivo ablation of peripheral
MP see subheading 3.1.3.

157
158

1. Mice are lightly anesthetized using an isofluorane inhalator
(IMPAC6, VetEquip) and placed in a little suspension rack
(27) with their thorax placed vertically, suspended by their
teeth. The tongue is pulled to the side.

162
163

2. Using a micropipette with a long nasal tip 80 μl of a 1.25 μg/ml
DTx solution (total of 100 ng) is applied into the larynx,
while keeping the tongue pulled out. In this way, the mouse
is unable to swallow, and the droplet is aspirated. Gasping of
treated mice verifies liquid application to the alveolar space.

166

3. In our hands, intratracheal installation of toxin is the most
efficient way to ablate pulmonary MP, while having no or only
limited systemic effects (Fig. 1).

171

hi

3.1.2. Short-Term In Vivo
Ablation of Pulmonary MPs

153

159
160
161

164
165
167
168
169
170
172
173
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3.1.3. Long-Term In Vivo
Ablation of Peripheral MPs

177
178
179

2. BM chimera generation. C57BL/6 wt mice are exposed to
a single lethal total body irradiation of 950 rad, followed by
intravenous (i.v.) transfer of 5 × 106 CD11c-DTR transgenic
BM cells one day after (see Note 4). BM cells are isolated
according to the procedure described later (see Subheading
3.2.2). Mice are allowed to rest for 8 weeks before use.

180
181
182
183
184
185
186

3. For systemic long-term MP depletion [DTR > wt] BM chimeras are injected every other day i.p. with DTx (8 ng/g body
weight).

187
188
189

3.1.4. Analysis of Depletion Efficiency by FACS

190
191
192
194
195

3. Cells are then stained for cell-specific markers. We routinely
add a 2× concentrated mix of fluorochrome-conjugated
CD11c and MHCII or CD11b antibodies and keep the cells
15 min on ice (final staining volume ∼20 μl/106 cells). All
dilutions are done in FACS buffer.

196
197
198

4. Following staining, cells are washed with FACS buffer (∼50×
staining volume) and centrifuged at 1,200 rpm (290 ×g) for 7
min at 4°C.

199
200
201
202
203

5. Cells are resuspended in FACS buffer and analyzed by multicolor flow cytometry on a FACSCalibur cytometer (BD
Biosciences) using CellQuest Pro software (BD Biosciences)
(Fig. 1).

204
205

207
208
209
210
211

1. Cells are isolated from the examined tissues (see Subheading
3.3) and stained with fluorochrome-conjugated monoclonal
antibodies (see Notes 2 and 3).
2. Prior to the staining, cells are incubated with a 1:100 dilution
of goat IgG or FC block, for 15 min on ice to block Fc receptors (staining volume ∼10 μl/106 cells).

193

206

1. In contrast to CD11c-DTR transgenic mice, syngeneic [DTR
> wt] BM chimeras, generated by reconstitution of lethally
irradiated wt recipient mice with CD11c-DTR BM, can be
treated with DTx for prolonged periods of time without
adverse side effects (28).

3.2. Adoptive Transfer
into MP-Depleted
CD11c-DTR Recipients
3.2.1. The CX3CR1gfp/+
Transgenic Donor Mice

212
213
214
215
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1. To study in vivo origins of MP, recipient mice are engrafted
with CX3CR1gfp/+ MP precursor cells, e.g., MDPs or monocytes. CX3CR1 is expressed on MDPs (6), as well as BM and
blood monocytes (9, 21), which are therefore green fluorescent in CX3CR1gfp mice.
2. The long half-life of the GFP label allows the detection of
adoptively transferred GFP-expressing precursors and their
descendants in recipient mice, even if the progeny cease to
express CX3CR1/GFP (7, 18). However, the label can be lost
in the CX3CR1− cell populations by cell division.
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Precursor Cells from the
Bone Marrow
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3. In addition to the GFP label, it is advisable to include allotypic markers that identify the grafted cells, such as CD45. We
therefore use CD45.1; CX3CR1gfp mice as donors.

216

1. Femura and tibiae of CX3CR1GFP/+ CD45.1 donor mice are
isolated, and bone surface is exposed by removing the surrounding soft tissue.

219

2. Bone is opened at both ends, and using a 27 gauge fitted to
a 1-ml syringe filled with 1 ml of cold PBS−/−, the marrow
is flushed out of the bone cavity into a 15-ml tube. This step
is repeated several times until the bone is empty and becomes
white.

222

3. BM cells are then gently resuspended using 21G1 3-ml syringe
until the suspension is homogenous. Cells are washed with 10
ml of PBS−/− by centrifugation at 1,200 rpm (290 × g) at
4°C for 7 min.

227

4. Mononuclear cells are subsequently enriched by granulocyteand erythrocyte depletion on a Ficoll density gradient: the cell
pellet is resuspended in 4 ml of PBS−/− in a 15-ml tube and
the cell suspension is gently underlaid with 4 ml of Ficoll.
Two layers with sharp interface should be preserved. The cellcontaining tube is then centrifuged at 2,200 rpm (974 × g)
without acceleration and break (!), 22°C (RT), for 15 min.
The tube is gently removed from the centrifuge and the cloudy
ring at the border between the two layers, which contains the
enriched BM mononuclear cells, is isolated using a long Pasteur pipette. Cells are washed from residual Ficoll in 10 ml of
PBS−/−, followed by centrifugation at 1,200 rpm (290 × g),
4°C for 7 min.

231
232

5. Enriched BM mononuclear cells are stained with the following fluorochrome-labeled monoclonal antibodies: CD117-PE, Gr1-APC, and CD11b-Percp (see Notes 2 and 3).
This staining allows the identification of BM MDP (CX3CR1/
GFP+ CD117 (cKit)+ CD11b− Gr1− (6) and BM monocytes
(CX3CR1/GFP+ CD11b+ Gr1+/−) (7) (see Note 5). The staining is performed as described earlier (see Subheading 3.1.4
and Note 6).

244
245

6. Following immunostaining, cells are purified by highspeed sorting using a FACS Aria (Beckton–Dickinson).
Purity is evaluated by flow cytometry prior to the transfer
(Fig. 2a).

252

7. Alternatively, a mixed population of BM MDP and monocytes
can be isolated on the basis of CD115 expression using magnetic separation (see Subheading 3.2.3).

256
257

217
218

220
221
223
224
225
226
228
229
230

233
234
235
236
237
238
239
240
241
242
243

246
247
248
249
250
251
253
254
255
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Fig. 2. MΦ/DC precursors (MDP), but not monocytes, replenish splenic conventional CD11chigh DCs. MDP and Gr1hi monocytes were isolated from CX3CR1gfp donor mice and adoptively transferred into [DTR > wt] chimeras. Recipients were i.p
injected with DTx every 2 days to maintain the state of DC depletion. At day 7 post transfer, recipient mice were killed
and spleens were isolated and analyzed by flow. (A) Flow cytometry analysis of Gr1high BM monocyte and cKit+ MDP grafts
isolated by high-speed cell sorting. (B) Flow cytometry analysis of CX3CR1gfp donor spleen (CD45.1+) showing presence
of CD45.1+ CD11c high DC (positive control), (C) spleen cells from DTx-treated, MP-depleted mouse without engraftment
showing lack of CD11chigh DC (negative control), (D) spleen cells from MP-depleted mouse that received CX3CR1gfp MDP
(CD45.1+) graft (7 × 104 cKit+ CD115+ Gr1− CD11b− cells; purity: 96%) showing presence of donor cell-derived CD11c
high
DC, and (E) spleen cells from MP-depleted mouse that received a CX3CR1gfp Gr1high monocyte graft (CD45.1+) (9 × 105
CD115+ Gr1+ CD11b+ cells; purity: 85%). Note lack of graft-derived CD11chigh dendritic cells, but presence of CD11clow
cells. The right panels of (B–E) show splenocytes of the respective mice gated for live cells according to scatter. The left
panels of (B–E) show the same splenocytes gated in addition according to CD45.1 expression (as indicated in the right
panels). Boxes highlight CD11chigh DC and CD11clow cells.
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1. For blood monocyte transfers approximately 75 mice are bled
from their tail veins to collect 12–15 ml of blood (∼200 μl
blood/mouse). Alternatively, 20 mice are killed after overdosing with a Xylazine/Ketamine mix (120 μl/10 g bodyweight) and bleeding to obtain 15–18 ml blood. Heparin is
added (50 μl/ml blood) to avoid coagulation.

259

2. Mononuclear cells are enriched by a Ficoll density gradient,
which depletes granulocytes and erythrocytes: in a 15-ml
tube, 1 ml PBS−/− is added to 2 ml blood, followed by
underlying with 4 ml of Ficoll without interfering with the
3-ml blood layer. Two layers with a sharp interface should be
preserved. Continue as described under subheads Subheading 3.2.2, step 4.

265
266

3. Blood monocytes, defined as CD115 (MCSF-R)-positive
cells, are isolated to high purity by magnetic cell sorting.

272
273

4. Blood cells are first blocked by incubation with goat IgG,
diluted in MACS buffer 1:100, for 15 min.

274

5. Following Fc receptor blockade, cells are stained for 15 min
with biotinylated antimouse CD115 antibody (final dilution
of 1:100) (see Notes 2 and 3).

276
277

6. Cells are then washed with MACS buffer and centrifuged
at 1,200 rpm (290 × g), 4°C for 7 min to remove unbound
primary antibody.

279
280

7. The supernatant is removed with a pipette and cells are
resuspended in 90 μl of MACS buffer (per 107 total cells)
(see Note 7).

282
283

262
263
264

267
268
269
270
271

275

278

281

284

8. Ten microliter of Streptavidin-Microbeads per 10 total cells
is added; the tube is mixed and incubated for 15 min at
4–8°C.

285
286

9. Cells are then washed with 10 ml of MACS buffer (1,200 rpm
(290 × g), 4°C for 7 min) and the supernatant is removed
with a pipette.

288
289

10. Cells (up to 10 ) are resuspended in 500 μl of MACS
buffer.

291
292

11. For magnetic separation, miniscale (MS) columns are used
for up to 107 labeled cells (108 total cells), and large-scale
(LS) are used for up to 108 labeled cells (109 total cells).
Magnetic separation is performed according to the manufacturer’s protocols.

293

12. After isolation of the column-bound cell fraction, cells are
counted and purity is evaluated by staining a small fraction of the positive cells with Streptavidin-fluorochrome, or
fluorochrome-conjugated anti-CD115 antibody and analysis
by FACS (Fig. 3a).

298

7

8
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Fig. 3. The fate of adoptively transferred blood monocytes in the lung. Monocytes were isolated from the blood of CX3CR1gfp
donor mice and adoptively transferred into DTx-instilled, pulmonary mononuclear phagocyte (MP)-depleted CD11c:DTR
transgenic mice. At day 7 post transfer, recipient mice were killed and analyzed by FACS. (A) Flow cytometric analysis
of representative magnetic cell sorting-enriched CD115+ blood monocyte graft isolated from cx3cr1gfp/+;CD45.1 donor
mice. Note presence of both Gr1hiCX3CR1/GFPint and Gr1lowCX3CR1/GFPhi monocyte subsets. (B) Flow cytometric analysis
of lung cells of an untreated CD11c:DTR mouse to indicate gates used in (C). Left panel shows FSC/SSC gates for living
cells (R1). Middle dot plot shows CD11c/CD11b expression pattern of cells from the R1 gate that were distributed into
three secondary mononuclear phagocyte gates (R2–R4) used in the analysis shown in (C): (R2, MΦ CD11c+ CD11b−, (R3,
DC) CD11c+ CD11b+, and (R4, monocytes), CD11c− CD11b+. Right dot plot shows GFP expression of cells gated in the R1
region and position of R5 gate. This gate is used to further define MΦ which are CX3CR1/GFP-negative (see ref. 18). (c, d)
DTx-treated CD11c:DTR monocyte-recipient lung, day 4 after transfer. CD11c:DTR;CD45.2 mice pretreated i.t. with DTx
(100 ng, d.0) either received cx3cr1gfp/+;CD45.1 CD115+ blood monocyte graft (106 cells, grafted) or no graft (w/o graft) 2
h after DTx treatment and were analyzed on day 4. Panel (C) shows enclosed in boxes: donor-derived monocytes (R1 and
R4), DC (R1 and R3) and MΦ (R1, R2, and R5) found in lung parenchyma. Figure (D) shows analysis of bronchoalveolar
lavage (BAL): DC (R1 and R3) and MΦ (R1, R2, and R5). Cells were gated as indicated in (B). The data show that grafted
monocytes give rise to MΦ and DC in the lung parenchyma (C) and to DC, but not MΦ in the alveolar space (BAL, D).

303
304

3.2.4. Adoptive Transfer
into the Tail Vein (i.v.)

305
306

1. Following their isolation, cells are resuspended in 200 μl of
PBS−/−.

307

2. Recipient mice are moderately heated with an infrared lamp
in order to promote vasodilatation, to allow easier injection to
the tail vein

308
309

3. Cells are injected into recipient mice via the tail vein (see
Note 9).
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3.2.6. Intrasplenic Transfer

3.3. Analysis of Precursors Graft-Derived
MPs
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4. In order to reconstitute the splenic CD11chigh conventional
DC compartment, BM MDP should be transferred. Monocytes do not give rise to these cells (7).

310

5. In order to reconstitute mucosal compartments, such as the
intestinal lamina propria and the lung, MDPs and monocytes
can be transferred (7, 18). MDPs differentiate in vivo into
monocytes (7).

313

6. We generally prefer to transfer near physiological numbers,
e.g., 2–5 × 104 BM MDP and 0.5–1 × 106 BM and blood
monocytes, respectively (7, 18).

317
318

1. To study precursor differentiation within the marrow, MDPs
and monocytes can be transferred directly into the femural
bone cavity (7).

320
321

2. Mice are anesthetized by i.p injection of Xylazine and Ketamine mixture.

323
324

3. The skin covering the knee is incised and the knee is
exposed.

325

4. The knee side of the femur is pierced with a 27G1/2 needle.

327

5. The cells to be transferred are concentrated in a volume of
5–10 μl sterile PBS−/− and injected into the femural BM
cavity using a U-100 insulin syringe (with a 30G needle). The
incision is closed (with MikRon Autoclips (Clay Adams Brand,
BD, USA) or suture).

328
329

1. To directly investigate intrasplenic differentiation pathways
(and avoid monocyte differentiation), MDPs can be injected
directly into the spleen where they differentiate into splenic
conventional CD11chigh DCs in situ.

333
334

2. Mice are anesthetized by i.p injection of Xylazine and Ketamine mixture. A small incision is made in the skin covering
the spleen area, to expose the spleen, which is then pulled out
gently without damaging blood vessels connected to it.

337

3. The cells to be transferred are concentrated in a volume of
20 μl and injected slowly into the spleen capsule by using a
U-100 insulin syringe (with a 30G needle).

341
342

4. A Gel-foam melting sponge (Pfizer Inc, U.S.A) is inserted
to prevent bleeding, and the incision is closed (with MikRon
Autoclips (Clay Adams Brand, BD, USA) or suture).

344
345

The precursor grafts can be expected to seed all organs of the
recipient. Here we will focus on the analysis of three tissue compartments of the recipients: the spleen (as representative of a lymphoid tissue), and the lung, and the intestinal terminal ileum (as
representatives of mucosal, nonlymphoid tissues).

347
348
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314
315
316
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322

326

330
331
332
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349
350
351
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3.3.1. Analysis of Splenocytes for Graft-Derived
MPs

356
357
358
359
360

1. Mice are killed and the spleen is removed and placed in PBS in
a 5-cm petri dish.
2. The efficient isolation of MPs requires, as opposed to lymphocytes, prior digestion of the tissues with matrix-degrading
proteases. To this end the spleen is injected with 1 ml of collagenase D (1 mg/ml in PBS+/+) using a 28 G 1/2 in needle
and incubated for 45 min at 37°C.

361

3. Following the collagenase D digest, spleen is minced and
transferred via passage of an 80-μm mesh strainer into a
15-ml tube.

362
363

4. The cell suspension is then washed with 10 ml of PBS−/− and
centrifuged at 1,200 rpm (290 × g), 4°C for 7 min.

364

5. Erythrocytes in the suspension are lysed by incubation with
1 ml of hypotonic ACK buffer for 2 min at room temperature
(RT). Lysis is stopped by dilution of the ACK buffer with
PBS−/− (tenfold volume at least). The suspension is then centrifuged and the pellet is washed.

365
366
367
368
369

372

1. Mice are killed and the small intestine is isolated. By choosing
proximal, central, or distal portions of the intestine the analysis can be focused on the duodenum, jejunum, and ileum,
respectively.

373

2. Mesenteric tissue (lymph nodes) and fat are removed.

374
375

3. The intestine is flushed with PBS−/− to remove all its fecal
content.

376

4. The intestinal tube is flipped inside out and incubated with
RPMI for 20 min at 37°C (see Note 10).

370
371

3.3.2. Analysis of Small
Intestinal Lamina
Propria MPs

377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
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5. The tissue is washed three times with PBS−/− at RT and then
incubated for 10 min in 10 ml of 1 mM DTT (in PBS−/−).
Following that, the intestine is washed once in PBS−/− (see
Note 11).
6. The intestine is incubated for 10 min in 10 ml of EDTA
30 mM (diluted in PBS−/−) in a 15-ml tube with gently agitation by constant rotation. Incubation is once more repeated,
using a fresh EDTA solution. The intestine is then transferred
into a fresh 15-ml tube and washed four times with PBS−/−
at RT.
7. Collagenase IV digestion is performed with the addition of
DNAse, for 1 h at 37°C. (This stage is performed in a dish,
with the intestine spread.)
8. The tissue is gently pipetted up and down using 1-ml tips
(with their end cut-off) in order to physically release cells from
the mucus layer.
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3.3.4. Analysis of GraftDerived MPs by FACS
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9. The cell suspension is then passed through an 80-μm mesh
strainer into a 15-ml tube. The dish is washed with PBS−/−
in order to collect all released cells.

394

10. The cells are centrifuged at 1,200 rpm (290 × g),
10 min, 4°C.

397

1. Mice are killed, their abdomen is opened, and the main
artery is cut to allow a maximum blood volume to exit the
circulation (see Note 12).

399
400

2. The mouse head is fixed on a Styrofoam board and the neck
skin, and salivary glands are removed to expose the trachea.

402
403

3. The thin tissue layer covering the trachea is carefully removed
using watch-maker forceps and scissors. The trachea rings
are now exposed.

404

4. A 20-cm-long sewing thread is placed beneath the trachea
and tied around it in proximity to the mouse head. Holding the string will allow to stretch the trachea for the next
stages.

407

5. Using fine scissors a small hole is cut in the upper side of the
trachea, next to, but below, the string.

411
412

6. A blunted (cut) 21G butterfly needle is inserted into the
hole in trachea, and a 3-ml syringe, filled with 1.5 ml of
PBS−/−, is attached to the needle.

413

7. A volume of 1 ml PBS−/− is slowly inserted into the mouse
trachea through the infusion needle, resulting in the filling
of the lungs with liquid.

416

8. The bronchoalveolar lavage (BAL) containing the cells is
slowly withdrawn by pulling the syringe plunger.

419

9. The syringe is then removed from the infusion needle tube,
and the BAL is transferred into a 15-ml tube.

421
422

395
396
398

401

405
406
408
409
410

414
415
417
418
420

10. Steps 7–9 should be repeated three times.

423

11. The isolation procedure for MPs from the lung parenchyma
is similar to the procedure for the splenic MPs, except that
the lung tissue is injected with 1 ml of collagenase D solution
at a concentration of 4 mg/ml (in PBS+/+).

424

1. The detection of CX3CR1gfp graft-derived cells in recipient
mice is based on two markers: the expression of EGFP in
the grafted cells and their descendants, and the congenic
CD45.1 marker. The analysis can rely on either or both
the markers (see also Subheading 3.2.1, step2) (Figs. 2b
and 3b)

428
429

2. FACS staining is performed as described earlier (see Subheading 3.1.4).

434

425
426
427

430
431
432
433
435
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436

3. Additional markers such as CD11c, CD11b, and CD8 can
be used to differentiate between DCs and MΦs, as well as
different DC subsets derived from the grafted-precursors (6,
7, 18, 25). (see Note 13).

437
438
439
440
441
442
443

3.3.5. Analysis of GraftDerived Lamina Propria DC
by Fluorescent Microscopy

444
445
446
447
448
449
450

1. In CD11c-DTR transgenic mice, the GFP protein is fused to
the DTR (20) resulting in relatively poor fluorescence intensity. Using conventional fluorescence microscopy, CD11cDTR transgenic cDCs can therefore not be reliably detected
in histology without using an anti-GFP amplification (29).
CX3CR1gfp precursor descendants, on the other hand, harbor
an intense GFP label, in particular if they express CX3CR1
(see Subheading 3.2.1, step 2). Together, this allows the
GFP-based detection of CX3CR1gfp graft-derived cells in
CD11c-DTR transgenic mice (7, 18).

451

2. In a typical experiment, CX3CR1gfp graft recipients are killed,
and the small intestinal ileum is isolated.

452

3. Mesenteric material and fat are removed.

453

4. The ileum is flushed with PBS−/− to remove all content.

454

5. A longitudinal incision is made along the ileum.

455
456

6. The tissue is placed on a microscope slide with its luminal
side up.

457

7. The tissue is examined and imaged with a Zeiss Axioskop II
fluorescent microscope using appropriate imaging software,
such as Simple PCI.

458
459
460

8. In another approach, a systemic scan and visualization of
large areas of the intestine is enabled by using the “Swissrole” technique.

461
462

Fig. 4. Monocytes are precursors of intestinal lamina propria (Lp) DC. Fluorescence microscopy analysis of small intestinal villi of CX3CR1gfp donor mouse (right-hand panel) and of mice depleted for LpDC and LpMΦ with (middle panel)
or without (left-hand panel) adoptive transfer of CX3CR1gfp BM Gr1high monocytes (1 × 106 CD115+ Gr1high CD11b+ cells;
purity: 85%). Note presence of graft-derived CX3CR1/GFP+ LpDC in the fixed cryostat sectioned tissue of BM monocyte
recipient (Original magnification, 20×). Graft-derived cells can be identified as DC because of their location, morphology,
and functional features (such as the formation of trans-epithelial dendrites (25) and migration to the mesenteric LNs
(data not shown).
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9. Ileum is longitudinally opened along the mesenteric wall,
and rolled up, keeping its luminal side out.

[Au1]

464

10. Rolled tissue is fixed overnight (o.n.) with 2% PFA at RT.

465

11. Fixed tissue is then incubated o.n. with 15% sucrose at RT.

466

12. Rolled intestine is embedded in Tissue-Tek O.C.T compound at −20°C.

467
468

13. Tissue segments are sectioned into 10-μm segments, using
a cryostat, and segments are then imaged with a Zeiss Axioskop II fluorescent microscope (Fig. 4).

469
470
471

472

4. Notes
1. All mice are maintained under Specific Pathogen-Free (SPF)
conditions and handled under institutional protocols according to international guidelines.

473
474

2. Antibodies are used according to the manufacturer’s protocols. All antibodies should be tested and titrated in advance
to determine the best staining conditions, before analysis of
samples from recipient mice.

476
477

3. The suggested total staining volume is 20 μl for up to
2 × 106 cells, 50 μl for 5 × 106 cells. A staining time of 10–15
min on ice is usually sufficient.

480

4. Irradiated mice receive transiently (for 1 week) an antibiotic (Ciproxin 0.2%) in their drinking water (20 μg/ml) to
prevent bacterial infections during the period of immunodeficiency (the water bottle should be either dark or covered
with aluminum foil to protect the light-sensitive drug).

483

5. Both BM MDPs and monocytes are CD115+, which can be
used as a marker for identification and isolation of these cells
(7, 18).

488

6. Presorting staining is performed in MACS buffer (instead of
FACS buffer) to avoid azide exposure of the cells.

491

475

478
479
481
482
484
485
486
487
489
490
492

7. When working with less than 10 cells, use the indicated volumes. When working with higher cell numbers, scale up all
the reagents and total volumes, accordingly.

493
494

8. To increase the purity of the magnetically labeled fraction, it
can be repassed over a freshly prepared column.

496
497

9. Volumes lower than 200 μl can also be injected i.v.

498

7

10. The intestine is mounted on a polyethylene tube with a
diameter of 2.42 mm. One end of the intestine is tied with
a sewing thread, and the rest is flipped on top of this end in
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502

505

order to invert it. The tissue should be kept wet through the
inversion process to avoid ripping. The inversion is a crucial
step, as the digestion should be performed on the luminal
side.

506
507

11. Washing is done by addition of PBS−/− to the tissue in the
tube, shaking, and pouring off the fluid.

508

12. Blood is absorbed using Kim wipes, in order to prevent
blood contamination of BAL fluid at later stages.

503
504

509
510
511

13. We suggest that each experiment will include at least two
controls: a CD45.1 CX3CR1gfp/+ positive control mouse, and
a DTx-treated CD11c-DTR transgenic mouse, that did not
receive a graft to evaluate the background.

512
513
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Distinct Differentiation Potential of Blood Monocyte Subsets
in the Lung1
Limor Landsman, Chen Varol, and Steffen Jung2
Peripheral blood monocytes are a population of circulating mononuclear 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
Gr1highCX3CR1int and Gr1lowCX3CR1high, respectively. The question remains whether these populations contribute differentially 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 inflammatory and noninflammatory
conditions, both monocyte subsets give rise to pulmonary dendritic cells. In contrast, under the conditions studied, only
Gr1lowCX3CR1high monocytes, but not Gr1highCX3CR1int cells, had the potential to differentiate into lung macrophages.
However, Gr1highCX3CR1int monocytes could acquire this potential upon conversion into Gr1lowCX3CR1high cells. Our
results therefore indicate an intrinsic dichotomy in the differentiation potential of the two main blood monocyte
subsets. The Journal of Immunology, 2007, 178: 2000 –2007.

B

lood monocytes are considered circulating precursors of
macrophages (M⌽)3 and dendritic cells (DC) and, together with the latter, have collectively been termed
mononuclear phagocytes (1, 2). Accordingly, when cultured in
vitro in the presence of the cytokines M-CSF or GM-CSF, monocytes can be driven to differentiate into M⌽ and DC, respectively
(3, 4). Furthermore, in vivo studies also provide evidence that
blood monocytes can act as precursors of M⌽ (1, 5, 6). More
recent reports have shown that monocytes can under inflammatory
conditions differentiate in vivo into conventional CD11chigh DC
(cDC) (7, 8) and Langerhans cells (9). However, interestingly,
blood monocytes seem not to contribute to the generation of
splenic cDC (10 –12).
Monocytes are, however, not a homogeneous cell population,
but rather comprise at least two discrete subsets. Human monocytes consist of a CD142⫹CD16⫺ population, which is CCR2⫹
CD62L⫹CX3CR1int, and a CD14⫹CD16⫹ subset, which can be
further characterized as being CX3CR1highCCR2⫺CD62L⫺ (8, 13,
14). In vitro culture and expression analysis of the human monocyte subsets suggest a particular role of CD14⫹CD16⫹ monocytes
in inflammatory settings (15). More recently, monocyte dichotomy
has also been established in mice and rats (8, 16, 17). Circulating
murine CD115⫹ monocytes encompass two main Gr1highCX3CR1int
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and Gr1lowCX3CR1high subsets (8, 16), which based on their chemokine receptor expression correlate to human CD14⫹/⫹CD16⫺
and CD14⫹CD16⫹ monocytes, respectively (2, 8). Results of
adoptive transfers of fractionated murine monocytes suggest that
these cells are also functionally distinct: Gr1low monocytes were
found to be recruited to resting tissues, whereas the Gr1high monocytes shuttle between the blood and the bone marrow (BM) unless
recruited to sites of inflammation (8, 12). With regard to their
differential fates, Gr1high monocytes were shown in mice to differentiate into cDC and Langerhans cells under inflammation (8,
9), and both Gr1high and Gr1low rat monocytes were reported to
give rise to intestinal DC in steady state (17). However, for neither
of the subsets the in vivo potential to become M⌽ has been investigated. Furthermore, monocyte fate studies are complicated by
the recent finding that Gr1high monocytes can convert in vivo into
Gr1low monocytes (12, 18, 19). In addition, a comprehensive evaluation of the in vivo differentiation potential of monocytes has to
consider that the monocyte fate is likely to be dictated by the tissue
environment encountered upon their extravasation. Comparison of
the differentiation potential of Gr1high and Gr1low 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 phagocyte members. In this study, we investigate the
differentiation potential of adoptively transferred fractionated
blood monocyte subsets into DC and M⌽, focusing on the pulmonary mononuclear phagocyte system as a nonlymphoid tissue
model. 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, expression of the ␤ integrin CD11c discriminates both of these cell types
from undifferentiated CD11c⫺ monocytes found in this tissue (21,
23). Collectively, the pulmonary mononuclear phagocyte system is
therefore particularly suited for a comparative monocyte differentiation study into either DC or M⌽.
In this study, we show that under both inflammatory and noninflammatory conditions, Gr1highCX3CR1int and Gr1lowCX3CR1high
monocytes give rise to pulmonary DC. In contrast, only Gr1low,
but not Gr1high monocytes harbor the immediate potential to
differentiate into lung M⌽.
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FIGURE 1. CX3CR1/GFP expression by lung and alveolar mononuclear phagocytes. A, Flow cytometric analysis of lung cells of cx3cr1gfp/⫹ mouse.
Cells were isolated and analyzed for expression of CD11c, CD11b, and green fluorescence. Left panel, Forward/side light scatter gate for living cells (R1).
Middle dot plot, CD11c/CD11b expression pattern of cells of R1 gate and mononuclear phagocyte gates used in this study: CD11c⫹CD11b⫺ (R2, M⌽),
CD11c⫹CD11b⫹ (R3, DC), and CD11c⫺CD11b⫹ (R4, monocytes) cells. Right dot plot, GFP expression of cells gated in R1 region and position of R5
(CX3CR1/GFP negative) and R6 (CX3CR1/GFP positive). Abs used were PE-coupled anti-CD11c and PerCP-conjugated anti-CD11b. B, FACS analysis
of CX3CR1 expression by lung M⌽ (upper panel) and DC (lower panel) of cx3cr1gfp/⫹ mouse. Cells were either stained with Fc-coupled CX3CR1 ligand
(FKN-Fc), followed by Cy5-conjugated anti-Fc (⫹FKN-Fc, empty histogram), or with Cy5-conjugated anti-Fc alone (⫺FKN-Fc, gray filled histogram),
followed by PE- and PerCP-coupled Abs against CD11c and CD11b, respectively. DC and M⌽ were defined as cell gated in R1,R3 and R1,R2, respectively
(as shown in A). C, FACS analysis of CX3CR1/GFP expression by pulmonary M⌽ and DC. Cells isolated from either BAL (left panels) or lungs (right
panels) of cx3cr1gfp/⫹ (empty histogram) and wt (gray filled histogram) mice were analyzed for their green fluorescence intensity. DC and M⌽ were defined
as cells gated in (R1 and R3) and (R1 and R2), respectively (as shown in A). D, Live imaging of cx3cr1gfp/⫹;rag1⫺/⫺ mouse lung by fluorescent microscopy
showing GFP-labeled cells with DC morphology. E, FACS analysis of MHC class II (I-Ab) expression by CD11c⫹CX3CR1/GFP⫺ (M⌽) and CD11c⫹
CX3CR1/GFP⫹ cells (DC) (upper and lower panels, respectively). Cells were isolated from a lung of cx3cr1gfp/⫹ mouse, and stained with either anti I-Ab
Ab (empty histograms) or isotype control (gray filled histograms). Histograms show cells gated, as indicated in dot plot. F, CD11b expression by lung and
alveolar M⌽ of untreated and endotoxin-treated mice. Histograms show CD11b expression by CD11c⫹ autofluorescent lung and BAL wt cells (M⌽) (gated
as indicated in dot plot) of untreated (gray filled histograms) and LPS-treated (200 ng i.t. on day 1; empty histograms) wt mice.

Materials and Methods
Mice
This study involved the use of the C57BL/6 mouse strains CD11c: Diphtheria
toxin (DTx) receptor (DTR) transgenic mice (B6.FVB-Tg(Itgax-DTR/
GFP)57Lan/J; The Jackson Laboratory) that carry a human DTR transgene
under the murine CD11c promotor (24); CX3CR1GFP mice harboring a targeted replacement of the cx3cr1 gene by a GFP reporter (25); rag1⫺/⫺ mice
(B6.129S7-Rag1tm1Mom/J; The Jackson Laboratory) that lack mature
lymphocytes; cd80⫺/⫺/cd86⫺/⫺ mice (B6.129S4-Cd80tm1ShrCd86tm1Shr/J;
The Jackson Laboratory) that lack expression of both CD80 and CD86
costimulatory molecules (26); and OT-II TCR transgenic mice (C57BL/6Tg(TcraTcrb)425Cbn/J; The Jackson Laboratory) harboring CD4⫹ T cells
specific for OVA (27, 28). Animals were backcrossed to mice bearing the
CD45.1 allotype (B6.SJL-Ptprca Pepcb/BoyJ; The Jackson Laboratory),
when indicated. The wild-type (wt) C57BL/6 mice were purchased from
Harlan Teklad. All mice were maintained under specific pathogen-free conditions and handled under protocols approved by the Weizmann Institute
Animal Care Committee according to international guidelines.

Cell isolations
Mice were sacrificed, and blood was collected from the main artery. For
bronchoalveolar lavage (BAL), the trachea was exposed to allow insertion
of a catheter, through which the lung was filled and washed four times with
1 ml of PBS without Ca2⫹/Mg2⫹. Lung parenchyma and spleens were then
collected, and tissues were digested with either 4 mg/ml (lung) or 1 mg/ml
(spleen) collagenase D (Roche) for 1 h at 37°C, followed by incubation
with ACK buffer to lyse erythrocytes. Following their isolation, mediastinal lymph nodes (LNs) were passed through a mesh and cells were col-

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

Flow cytometric analysis
The following fluorochrome-labeled mAbs were purchased from BD Pharmingen or eBioscience and used according to manufacturers’ protocols: PEconjugated anti-CD11c, I-Ab, and CD115 Abs; allophycocyanin-conjugated
anti-CD11c, CD11b, CD4, and Gr1 (Ly6C/G) Abs; PerCP-conjugated antiCD11b Ab; biotin-conjugated anti-CD45.1 Ab; and allophycocyaninand PE-conjugated streptavidin. CX3CR1 staining using the CX3CR1
ligand fractalkine (FKN) was performed, as previously described (25).
Briefly, cells were incubated with a FKN-Fc fusion protein (provided by
Millenium Biotherapeutics) or PBS, followed by incubation with Cy5conjugated anti-human Fc Ab. After an intensive wash, cells were incubated
with indicated Abs. Cells were analyzed on a FACSCalibur cytometer (BD
Biosciences) using CellQuest software (BD Biosciences).

Cell transfers
For blood monocyte transfers, ⬃20 mice were sacrificed and blood was
collected to obtain an average of 15 ml of blood for each experiment.
Erythrocytes and neutrophils were removed by a Ficoll density gradient
(Amersham). Cells were washed and exposed to biotin-conjugated antiCD115 or anti-Gr1 Abs (eBioscience), followed by incubation with streptavidin-conjugated MACS beads (Miltenyi Biotec). Cells were then magnetically separated, according to manufacturer’s protocol. Indicated fractions
were collected and i.v. injected to recipient mice. For BM monocyte transfers, cells were isolated from donor femora and tibiae and enriched for
mononuclear cells on a Ficoll density gradient, followed by immunostaining with PE-conjugated anti-CD115 and allophycocyanin-conjugated
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anti-Gr1 Abs (eBioscience). BM monocytes were then purified by high
speed sorting using FACSAria (BD Biosciences). For T cell transfers,
CD4⫹ T cells were isolated from OT-II;CD45.1 mice by enrichment
using CD4-conjugated MACS beads (Miltenyi Biotec), according to
manufacturer’s protocol.

Intratracheal (i.t.) instillation
PBS (80 l) containing either DTx (catalog 150; List Biological Laboratories), LPS (Escherichia coli 055:B5; Sigma-Aldrich catalog L4005), or
OVA (Sigma-Aldrich; catalog A5503) was applied to mouse tracheae, as
previously described, with modifications (29). Briefly, mice were lightly
anesthetized using isoflurane and placed vertically, and their tongues were
pulled out. Using a long-nasal tip, liquid was placed at trachea top and
actively aspirated by the mouse. Gasping of treated mice verified liquid
application to the alveolar space.

Microscopy of lung parenchyma
Lungs were filled with 2% low melting agarose (Sigma-Aldrich; catalog
A0701), as previously described (30). Live tissues were cut and imaged with
a Zeiss Axioskop II fluorescent microscope using Simple PCI software.

Results
CX3CR1 expression discriminates between pulmonary
M⌽ and DC
Alveolar and lung M⌽ and DC have been defined according to
discrete surface marker expression. Both M⌽ and DC express the
␤ integrin CD11c, whereas DC are further characterized as
CD11b⫹ cells, and M⌽ are CD11b⫺ (21, 23, 31) (Fig. 1A). In
addition, lung and alveolar M⌽, but not DC, are autofluorescent
(31, 32). In this study, we show that lung M⌽ and DC also differ
in their expression of the chemokine receptor CX3CR1. Thus, surface staining with an Fc fusion of the CX3CR1 ligand FKN/
CX3CL1 (FKN-Fc) showed that CD11c⫹CD11b⫹ lung DC are
CX3CR1 positive, whereas CD11c⫹CD11b⫺ M⌽ are CX3CR1
negative (Fig. 1B). Accordingly, in CX3CR1GFP knockin mice,
whose cx3cr1 gene was replaced by a GFP cassette (25), lung and
BAL DC express GFP (Fig. 1, C and D), whereas lung and BAL
M⌽ do not (Fig. 1C).
Lung DC can be further characterized as CD11c⫹MHC-IIhigh
cells, whereas lung M⌽ are CD11c⫹MHC-IIlow (21, 31). Staining
for MHC-II revealed that CD11c⫹CX3CR1/GFP⫹ cells also express high levels of MHC-II, whereas CD11c⫹CX3CR1/GFP⫺
cells are MHC-IIlow (Fig. 1E), supporting their definition as DC
and M⌽, respectively (31). Interestingly, we recently reported the
same CX3CR1 expression pattern for small intestinal lamina propria DC and M⌽ (33). CX3CR1 is therefore a reliable marker
allowing discrimination of CD11c⫹ DC and M⌽ in the lung and
alveolar space. In contrast, we have observed that CD11b expression is significantly up-regulated on lung and alveolar M⌽ under
inflammation (Fig. 1F).
For the remainder of this study that investigates the differential
origin of pulmonary M⌽ and DC, we therefore apply a stringent
definition of the two cell types by considering CD11c⫹CD11b⫹
CX3CR1/GFP⫹ cells (Fig 1A; R1, R3, and R6 gated cells) as lung
DC, and CD11c⫹CD11b⫺CX3CR1/GFP⫺ (Fig 1A; R1, R2, and
R5 gated cells) as resting lung M⌽. Monocytes found in the lung
parenchyma have previously been characterized as CD11c⫺
CD11b⫹ cells and are defined accordingly (23) (Fig. 1A; gates R1
and R4).
Blood monocytes can differentiate into lung DC in naive mice
The most direct way to study the fate of blood monocytes is arguably the adoptive transfer of these cells into recipient’s bloodstream and subsequent tracking of graft descendants. To study the
monocyte differentiation potential, we isolated the cells from donor blood according to surface expression of the monocyte-specific
marker CD115 (M-CSF-R) using magnetic separation. Notably,

FIGURE 2. Grafted peripheral blood monocytes give rise to lung DC,
but not M⌽ in untreated recipient mice. A, FACS analysis of representative
MACS-enriched CD115⫹ cell graft isolated from cx3cr1gfp/⫹;CD45.1 donor blood. Note presence of Gr1highCX3CR1/GFPint and Gr1lowCX3CR1/
GFPhigh monocyte subsets. B–D, Lungs of untreated monocyte recipients,
day 4 after transfer. CD45.2 wt recipients either received CX3CR1/GFP⫹
CD45.1 blood CD115⫹ graft (106 cells, ⫹graft) or no graft (w/o) on day 0.
Lung monocytes (B, CD11c⫺CD11b⫹ cells gated according to Fig. 1A (R1
and R4)), DC (C, CD11c⫹CD11b⫹ cells gated according to Fig. 1A (R1
and R3)), and M⌽ (D, CD11c⫹CD11b⫺CX3CR1/GFP⫺ cells gated according to Fig. 1A (R1, R2, and R5)) were analyzed on day 4 for graftderived cells. Numbers indicate percentage of graft-derived cells (CX3CR1/
GFP⫹CD45.1⫹ or CD45.1⫹) of total gated population and their absolute
numbers (in parentheses). Data show one representative of three independent experiments involving one to two recipients per group.

this cell population included Gr1high and Gr1low monocyte subsets
(Fig. 2A), both of which express CX3CR1 (8). To distinguish between graft- and host-derived cells, donor monocytes were retrieved from blood of cx3cr1gfp/⫹;CD45.1 mice and transferred
into congenic CD45.2 wt recipients. Graft-derived lung DC are
therefore CD45.1 CX3CR1/GFP positive (Fig. 1C), whereas host
DC are CD45.1 GFP negative. The identification of graft-derived
CX3CR1/GFP-negative M⌽ in recipient lungs relies solely on expression of the allotypic CD45 marker: whereas graft-derived M⌽
will be CD45.1, host cells are CD45.2. Successful monocyte transfers were confirmed by detection of grafted monocytes in the recipients’ lungs (Figs. 2B and 4A), blood, and spleens (data not shown).
We first transferred monocytes to untreated wt recipient mice,
and analyzed their lung and alveolar space content 4 days later. We
detected graft-derived cells in recipient’s lung, most of which were
undifferentiated CD11c⫺CD11b⫹CX3CR1/GFP⫹ monocytes (Fig.
2B). We also consistently observed few GFP-expressing CD11c⫹
CD11b⫹ lung DC (Fig. 2C), indicating differentiation of monocytes 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⫹) lung M⌽ (Fig. 2D). In addition, we could not detect
graft-derived cells in recipients’ alveolar space (data not shown).
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FIGURE 3. In vivo depletion of lung CD11c:DTR transgenic CD11c⫹ cells, but not splenic CD11c⫹ cells, upon i.t. instillation of DTx. CD11c:DTR mice were
treated with DTx either i.p. (4 ng/gr, ⫹DTx i.p.) or i.t. (100 ng, ⫹DTx i.t.). Control littermates were either treated with PBS i.t. (⫹PBS i.t.) or left untreated. Lungs
and spleens were analyzed 1 day after treatments. A, FACS analysis of lung cells for CD11c and CD11b expression (upper panels) and spleen cells for CD11c⫹
and GFP expression (lower panels). Numbers indicate percentage of gated cells from total cells. B, Bar diagram summarizing percentages of CD11c⫹ spleen and lung cells
(gated as in A) of mice treated i.t. with either DTx (100 ng) or PBS. Mice were analyzed 1 day after treatments. n ⫽ 4. ⴱ, p ⬍ 0.005 (two-tailed Student’s t test).

Blood monocytes can differentiate into lung DC and M⌽ in
mononuclear phagocyte-depleted mouse
The failure to detect graft-derived lung M⌽ in untreated recipients
could indicate that those cells do not originate from CD115⫹ blood
monocytes. Alternatively, the long-lived respiratory M⌽ compartment might in steady state require only limited cellular input from
the blood, which could be below our level of detection. To distinguish between these options, we decided to ablate lung M⌽ before
the monocyte transfer.
We took advantage of CD11c:DTR transgenic mice that allow
the specific depletion of CD11chigh cells (24). The i.t. DTx instillation of CD11c:DTR transgenic mice results in the ablation of
CD11c⫹ lung mononuclear phagocytes, including DC and M⌽
(34) (Fig. 3). Depletion of endogenous pulmonary M⌽ by the DTx
treatment of CD11c:DTR recipients might open otherwise closed
niches to newly coming cells. Notably, in this strategy, grafted cells,
which are not CD11c:DTR transgenic, are resistant to ablation.
We next transferred CX3CR1GFP CD45.1 monocytes to DTxtreated CD11c:DTR;CD45.2 recipients. Four days after transfer,
recipient mice were analyzed by flow cytometry for the presence
of graft-derived mononuclear phagocytes in their lung and alveolar
space. We readily observed graft-derived parenchymal lung and
alveolar CX3CR1/GFP⫹ DC in the recipient mice (Fig. 4, B, D,
and F). Importantly, as opposed to the untreated recipients, we also
could detect graft-derived CD45.1 M⌽ in recipient’s lung (Fig.
4C), suggesting that the ablation of endogenous lung M⌽ promoted the seeding of the lung with graft-derived cells. Graftderived 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 results show that adoptively transferred
CD115⫹ blood monocytes collectively have the capacity to differentiate into pulmonary DC and M⌽.
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 system, M⌽ are established suppressors of T cell activation (20 –22,
37). We therefore sought to study the functionality of graft-derived
lung DC by transferring monocytes 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 OVA-specific TCR transgenic T cells (OT-II) (27) to respond to i.t. OVA challenge in wt
and cd80⫺/⫺;cd86⫺/⫺ recipient mice (Fig. 5A). Mice received an

OT-II;CD45.1 CD4⫹ T cell graft (day 0), followed by an i.t.
challenge with OVA and LPS on the 3 subsequent days (days 1–3).
Seven days after the initial immunization (day 8), mediastinal LNs
were isolated and analyzed for the presence of OVA-specific

FIGURE 4. Grafted peripheral blood monocytes give rise to lung DC
and M⌽ in mononuclear phagocyte-depleted recipient mice. A–E, DTxtreated CD11c:DTR monocyte recipient lung, day 4 after transfer.
CD11c:DTR;CD45.2 mice pretreated i.t. with DTx (100 ng, day 0) either received cx3cr1gfp/⫹;CD45.1 CD115⫹ blood monocyte graft (106
cells, ⫹graft) or no graft (w/o) 2 h after DTx treatment. Lung monocytes (A, CD11c⫺CD11b⫹ cells gated according to Fig. 1A (R1 and
R4)), DC (B, CD11c⫹CD11b⫹ cells gated according to Fig. 1A (R1 and
R3)), and M⌽ (C, CD11c⫹CD11b⫺CX3CR1/GFP⫺ cells gated according to Fig. 1A (R1, R2, and R5)), as well as BAL DC (D, CD11c⫹
CD11b⫹ cells gated according to Fig. 1A (R1 and R3) and M⌽ (E,
CD11c⫹CD11b⫺CX3CR1/GFP⫺ cells gated according to Fig. 1A (R1,
R2, and R5)) were analyzed on day 4 for graft-derived cells. Numbers
indicate percentage of graft-derived cells (CX3CR1/GFP⫹CD45.1⫹ or
CD45.1⫹) of total population and their absolute numbers (in parentheses). Data show representative results of three independent experiments
involving one to two mice per group. F, Histological analysis of DTxtreated monocyte recipient lung. CD11c:DTR mouse was treated with
DTx i.t. (100 ng, day 0) and received CX3CR1GFP blood monocyte graft
2 h later, as previously described. Pictures show green fluorescent cells
with DC morphology in different areas of recipient lung.
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FIGURE 5. Rescue of CD80/CD86 knockout phenotype by monocyte-derived APC. A, Impaired anti-OVA response of adoptively transferred OT-II CD4⫹
T cells in mice lacking CD80 and CD86 molecules. The wt (CD45.2) and cd80⫺/⫺;cd86⫺/⫺ (CD45.2) mice received an OT-II;CD45.1 OVA-specific T cell graft
(106 cells) on day 0. Recipients were treated i.t. with either 10 g of OVA and 100 ng of LPS (wt ⫹ Ova, cd80/86⫺/⫺ ⫹ Ova) or LPS alone (wt w/o Ova) on
days 1, 2, and 3. Mediastinal LNs were isolated on day 8 and analyzed for the presence of CD45.1⫹ grafted T cells. Bar diagram shows percentage of
CD45.1⫹CD4⫹ cells of the total CD4⫹ T cell population (group size: n ⫽ 5 for OVA-treated groups, and n ⫽ 3 for LPS-treated group). Numbers indicate
percentage of CD45.1⫹ cells of total CD4⫹ cells, followed by the appropriate SDs. ⴱ, p ⬍ 0.01 (two-tailed Student’s t test). B, Monocyte transfer reconstitutes
priming of OVA-specific CD4 T cells in cd80⫺/⫺;cd86⫺/⫺ mice. The wt and cd80⫺/⫺;cd86⫺/⫺ mice received OT-II grafts on day 0, as described in A. One day
later, cd80⫺/⫺;cd86⫺/⫺ mice also received either cx3cr1⫹/GFP;rag1⫺/⫺;CD45.2 CD115⫹ blood monocyte graft (5 ⫻ 105 cells, cd80/86⫺/⫺ ⫹mono) or no graft
(cd80/86⫺/⫺). Three hours before monocyte transfer and on days 2 and 3, all mice were i.t. treated with OVA (10 g) and LPS (100 ng), as described in A.
Mediastinal LNs were collected on day 8, and the percentage of CD45.1⫹ cells of total CD4⫹ T cells was determined for each mouse. Data show one representative
of three independent experiments involving one to two mice per group.

CD4⫹ T cells (CD45.1⫹). The levels of surviving grafted T cells
in OVA/LPS-challenged cd80⫺/⫺;cd86⫺/⫺ recipients were significantly lower than in OVA/LPS-challenged wt recipients and com-

parable to those of LPS-challenged control recipients (Fig. 5A). In
conclusion, due to the absence of competent lung DC in these
cd80⫺/⫺:cd86⫺/⫺ mice, grafted OVA-specific TCR transgenic

FIGURE 6. Distinct donor-derived mononuclear phagocyte populations in recipients of Gr1high and Gr1low monocyte grafts. A, FACS analysis of representative
cx3cr1gfp/⫹;rag1⫺/⫺;CD45.1 monocyte grafts, MACS fractionated according to Gr1 expression. Dot plots show isolated Gr1highCX3CR1/GFPint (left) and Gr1low
CX3CR1/GFPhigh (right) blood monocytes. B, Untreated wt mice received Gr1high (3 ⫻ 105 CX3CR1/GFPintGr1high cells), Gr1low (3 ⫻ 105 CX3CR1/
GFPhighGr1low cells) grafts, or no graft on day 0, as described in A. Lung DC were analyzed on day 4 for graft-derived (CX3CR1/GFP⫹) cells. DC are defined
as CD11c⫹CD11b⫹ cells gated according to Fig. 1A (R1 and R3). Data show one representative of three independent experiments involving one to two mice per
group. C, DTx-treated CD11c:DTR;CD45.2 mice were pretreated i.t. with DTx (100 ng) and received Gr1high (2.5 ⫻ 105 CX3CR1/GFPintGr1high cells) graft,
Gr1low (1 ⫻ 105 CX3CR1/GFPhighGr1low cells) graft, or no graft on day 0. Lung DC and M⌽ were analyzed on day 4 for graft-derived cells. DC are defined as
CD11c⫹CD11b⫹ cells gated according to Fig. 1A (R1 and R3). M⌽ are defined as CD11c⫹CD11b⫺CX3CR1/GFP⫺ cells gated according to Fig. 1A (R1, R2, and
R5). Data are representative of three independent experiments involving one to two mice per group. D, The wt recipients (CD45.2) pretreated i.t. with LPS (200 ng) received
Gr1high (4 ⫻ 105 CX3CR1/GFPintGr1high cells), Gr1low (2.5 ⫻ 105 CX3CR1/GFPhighGr1low cells), or no graft on day 0. Lung DC and M⌽ compartments (defined
as CD11c⫹CD11b⫹ cells gated according to Fig. 1A (R1 and R3) and CD11c⫹CD11b⫺CX3CR1/GFP⫺ cells gated according to Fig. 1A (R1, R2, and R5),
respectively) 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 (CX3CR1/GFP⫹ or CD45.1⫹) of total indicated population and their absolute numbers (in parentheses).
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CD4⫹ T cells failed to respond to i.t. OVA challenge (Fig. 5A). We
then tested the ability of wt blood monocytes to reconstitute OT-II
CD4⫹ T cell response in cd80⫺/⫺:cd86⫺/⫺ mice. One day after
OT-II T cell transfer, cd80⫺/⫺;cd86⫺/⫺ mice either received a
monocyte graft or no graft. To exclude B cell contaminations,
CD115⫹ blood monocytes were retrieved from cx3cr1gfp/⫹;rag1⫺/⫺;
CD45.2 mice, which lack mature lymphocytes. Three hours before
monocyte transfer, and on the 2 following days, all mice were
challenged i.t. 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 cells (CD45.1⫹). As seen in Fig. 5B, monocyte-derived
DC partially reconstituted the OVA-specific CD4⫹ T cell response. This in vivo rescue of the CD80/CD86 deficiency confirms
that adoptively transferred monocytes differentiated in the recipients into bona fide lung DC that are capable of priming naive
T cells.
Gr1high and Gr1low blood monocyte subsets differ in their
potential to become either DC or M⌽
The adoptive transfer of blood monocytes established that this heterogeneous population includes cells that can differentiate into
both lung DC and M⌽ (Fig. 4). We next decided to test whether
the two Gr1highCX3CR1int and Gr1lowCX3CR1high monocyte subsets (8) differ in their potential to give rise to pulmonary mononuclear phagocytes. To this end, we fractionated blood of
cx3cr1gfp/⫹;rag1⫺/⫺;CD45.1 donor mice by magnetic separation
according to Gr1 expression (Fig. 6A) and injected the monocyte
fractions into CD45.2 recipients.
To study the differentiation potential of Gr1high and Gr1low
blood monocytes in steady state, we first transferred them into
untreated wt recipients and analyzed their lungs 4 days later. In
agreement with our previous data (Fig. 2B), both subsets failed to
give rise to lung M⌽ under these conditions (data not shown).
Graft-derived CX3CR1/GFP⫹ DC could be detected in recipients
that had received either Gr1high or Gr1low blood monocytes (Fig.
6B). This indicates that in steady state both monocyte subsets reach
the lung and can give rise to DC.
We next examined the monocyte subset fate in recipients depleted of endogenous mononuclear phagocytes. To this end, we
transferred Gr1-fractionated CX3CR1GFP CD45.1 blood cells into
CD11c:DTR CD45.2 recipients that were pretreated i.t. with DTx.
Also, under these conditions, we were able to detect graft-derived
DC in recipients of either of the subsets (Fig. 6C). Interestingly,
however, CD45.1⫹ graft-derived lung M⌽ were only observed in
recipients of the Gr1low monocyte graft, but not in the lungs of
Gr1high monocyte recipients (Fig. 6C). This suggests that Gr1low
blood monocytes, but not Gr1high monocytes, have the potential to
give rise to lung M⌽ under the conditions studied.
It was shown recently that endotoxin exposure accelerates replacement of pulmonary M⌽ by BM-derived cells as compared
with noninflammatory conditions (39). In the DTx-induced cell
ablation system, targeted 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 Gr1-fractionated
CX3CR1GFP donor blood into wt recipients (CD45.2) pretreated
i.t. with LPS. Both Gr1low and Gr1high monocyte subsets readily
gave rise to DC (Fig. 6D). However, again only in recipients of
Gr1low monocytes, we detected graft-derived lung M⌽ (Fig. 6D).
In summary, our adoptive cell transfer experiments suggest that
under inflammatory and noninflammatory conditions, both Gr1high
and Gr1low blood monocytes can give rise to lung DC. Impor-

FIGURE 7. Gr1high monocytes give rise to lung M⌽ after conversion into Gr1low monocytes. A, FACS analysis of CD115⫹CX3CR1/
GFPintGr1high BM monocytes purified from cx3cr1gfp/⫹;CD45.1 mouse
femora and tibiae using FACSAria cell sorter. B and C, CD11c:DTR mice
pretreated i.t. with DTx (100 ng) received a Gr1high BM monocyte graft
(106 cells) or no graft on day 0. B, Recipient lung M⌽ and DC compartments (defined as CD11c⫹CD11b⫹ cells gated according to Fig. 1A (R1
and R3) and CD11c⫹CD11b⫺CX3CR1/GFP⫺ cells gated according to Fig.
1A (R1, R2, and R5), respectively) were analyzed on day 4 for graftderived cells (CX3CR1/GFP⫹ or CD45.1⫹). Numbers indicate percentage
of gate cells of total indicated population and their absolute numbers (in
parentheses). Data show one representative of three independent experiments involving one to two mice per group. C, Recipient blood was analyzed on day 4 for CX3CR1/GFP⫹CD45.1⫹ graft-derived cells for Gr1
expression (left panel). Recovered population is equivalent to 103–104 total
donor monocytes per recipient’s bloodstream. D, CD11c:DTR recipients
received a Gr1high monocyte graft (2 ⫻ 106 cells) or no graft on day 0, and
were i.t. treated with DTx (100 ng) on day 4. Lung DC and M⌽ (defined
as CD11c⫹CD11b⫹ cells gated according to Fig. 1A (R1 and R3) and
CD11c⫹CD11b⫺CX3CR1/GFP⫺ cells gated according to Fig. 1A (R1, R2,
and R5), respectively) were analyzed on day 8 for graft-derived cells. Gates
show and numbers indicate percentage of graft-derived cells (CX3CR1/
GFP⫹ or CD45.1⫹) of total population and their absolute numbers (in
parentheses). Data show one representative of three independent experiments involving one to two mice per group.

tantly, in our experimental system, only Gr1low monocytes, but not
the Gr1high cells, gave rise to lung M⌽.
Upon conversion into Gr1low monocytes, Gr1high BM monocytes
gain the potential to generate lung M⌽
Recent studies have established that Gr1high monocytes are efficient precursors of Gr1low monocytes (12, 18, 19). This suggests
that the failure of Gr1high blood monocytes to give rise to lung M⌽
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 Gr1high/Gr1low monocyte conversion and M⌽ differentiation to occur.
To directly test whether grafted Gr1high monocytes can gain the
ability to give rise to M⌽ through a Gr1low monocyte intermediate,
we investigated the ability of Gr1high-derived Gr1low monocytes to
give rise to lung M⌽. Isolation of cells from donor BM allows
obtaining larger amounts of Gr1high monocyte as compared with
the blood (⬃0.5 ⫻ 106 cells/femur vs ⬃0.5 ⫻ 105 cells/ml blood).
We therefore isolated cells from BM of cx3cr1gfp/⫹;CD45.1 donor
mice and purified CD115⫹CX3CR1/GFP⫹Gr1high monocytes using a high-speed cell sorter (Fig. 7A). Purified cells were then
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adoptively transferred to CD11c:DTR CD45.2 recipients, which
were divided into two groups that were treated with DTx on different time points.
One group of recipient mice was treated with DTx i.t. on the day
of BM monocyte transfer and analyzed 4 days later (Fig. 7, B and
C). Confirming the results we had obtained with the Gr1high
blood monocyte grafts (Fig. 6C), we readily observed graftderived DC in the recipients’ lungs, but failed to detect graftderived M⌽ (Fig. 7B).
A second group of mice was treated with toxin only 4 days after
receiving Gr1⫹ BM monocyte graft. At that time, the majority of
graft-derived circulating blood monocytes had converted into
Gr1low 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 results suggest that Gr1high monocytes lack
the immediate potential to give rise to lung M⌽, but can gain this
function upon conversion into Gr1low monocytes.

Discussion
In this study, we used adoptively transferred blood monocytes to
investigate the precursor/progeny relationship between these circulating leukocytes and pulmonary mononuclear phagocytes, including DC and M⌽. Specifically, we studied the differentiation
potential of two recently described murine monocyte subsets that
can be differentiated according to expression of the Gr1 surface
marker.
To study the differentiation potential of monocytes into lung
mononuclear phagocytes, we made use of CD11c:DTR transgenic
mice, which provided us with a tool to specifically ablate pulmonary CD11c⫹ cells, without effecting undifferentiated monocytes
(24, 34) (Fig. 3). Depletion of CD11c⫹ cells, including M⌽ and
DC, promotes the seeding of the pulmonary mononuclear phagocyte system by blood-derived cells (L. Landsman and S. Jung,
manuscript in preparation). Importantly, as opposed to other systems (41), our DTx-based depletion strategy is dependent on the
genetic background of the mice (24), and non-DTR transgenic donor cells are therefore resistant to ablation upon differentiation into
CD11c⫹ cells. However, we cannot exclude that depletion of lung
M⌽ impairs lung homeostasis and as such provides proinflammatory conditions.
In agreement with studies on the rat intestinal LNs (17), we
show that murine monocytes can give rise to lung DC in steady
state (Fig. 2). Furthermore, we demonstrate differentiation of blood
monocytes into lung DC under inflammation (Fig. 6), thus extending previous reports for skin and peritoneum (7–9). In addition,
these monocyte-derived lung DC were capable of reconstituting
CD4⫹ T cell priming in an immunodeficient mouse model (Fig. 5).
Importantly, we were able to show that both Gr1highCX3CR1int
and Gr1lowCX3CR1high blood monocyte subsets had the potential
to give rise to lung DC under both inflammatory and noninflammatory conditions (Fig. 6).
Tissue M⌽ are believed to arise from blood monocytes (1).
However, direct proof for this connection is largely limited to serosal M⌽ in the peritoneal cavity (5). In this study, we provide
direct evidence that blood monocytes can give rise to parenchymal
lung M⌽ in M⌽-depleted recipients and under inflammation (Figs.
4 and 5). However, interestingly, the potential to become a lung
M⌽ is restricted to the Gr1lowCX3CR1high monocyte subset.
Our results suggest that Gr1highCX3CR1int and Gr1lowCX3CR1high
monocyte subsets respond in the lung differently to the same environmental signal, indicating their commitment to acquire either DC or
M⌽ fate. Thus, the potential to give rise to lung M⌽ was restricted to
the Gr1low monocyte subset, whereas Gr1high monocytes seem des-
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tined to become lung DC. The latter can, however, gain the potential
to become lung M⌽ by conversion into Gr1low monocytes (Figs. 6
and 7). Upon differentiation into Gr1lowCCR2⫺ cells, Gr1highCCR2⫹
monocytes are likely to lose their ability to respond to inflammatory
signals, such as MCP-1 (CCL2) (16, 42). This scenario may reflect the
need for DC during inflammation, in which Gr1high monocytes migrate to site of challenge and exclusively give rise 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 proliferative expansion of local precursors in addition to monocyte differentiation (L. Landsman and S. Jung, manuscript in preparation).
Lung DC and M⌽ play opposing roles in the initiation and
maintenance of lung inflammations. Whereas DC activate T cells
and thereby promote inflammation, pulmonary M⌽ suppress these
processes (20, 21, 37, 43). It has therefore been suggested that the
balance of these two cell types influences the progression of lung
inflammation, such as asthma (44, 45). The results presented in this
study highlight the differential origins of M⌽ and DC in the lung.
Although lung DC can develop from both Gr1highCX3CR1int and
Gr1lowCX3CR1high monocyte subsets, lung M⌽ originate from
Gr1low monocytes. In-depth understanding of the origin of lung
DC and M⌽ might be of value for the development of cell therapies for respiratory disorders.

Acknowledgments
We thank our laboratory members for critical reading of the manuscript,
and are grateful to Y. Chermesh and Y. Melamed for animal husbandry.

Disclosures
The authors have no financial conflict of interest.

References
1. Van Furth, R., and Z. A. Cohn. 1968. The origin and kinetics of mononuclear
phagocytes. J. Exp. Med. 128: 415– 435.
2. Gordon, S., and P. R. Taylor. 2005. Monocyte and macrophage heterogeneity.
Nat. Rev. Immunol. 5: 953–964.
3. Sallusto, F., and A. Lanzavecchia. 1994. Efficient presentation of soluble antigen
by cultured human dendritic cells is maintained by granulocyte/macrophage colony-stimulating factor plus interleukin 4 and down-regulated by tumor necrosis
factor ␣. J. Exp. Med. 179: 1109 –1118.
4. Wiktor-Jedrzejczak, W., and S. Gordon. 1996. Cytokine regulation of the macrophage (M) system studied using the colony stimulating factor-1-deficient
op/op mouse. Physiol. Rev. 76: 927–947.
5. Van Furth, R., M. C. Diesselhoff-den Dulk, and H. Mattie. 1973. Quantitative
study on the production and kinetics of mononuclear phagocytes during an acute
inflammatory reaction. J. Exp. Med. 138: 1314 –1330.
6. Naito, M., S. Umeda, T. Yamamoto, H. Moriyama, H. Umezu, G. Hasegawa,
H. Usuda, L. D. Shultz, and K. Takahashi. 1996. Development, differentiation,
and phenotypic heterogeneity of murine tissue macrophages. J. Leukocyte Biol.
59: 133–138.
7. Randolph, G. J. 1999. Differentiation of phagocytic monocytes into lymph node
dendritic cells in vivo. Immunity 11: 753–761.
8. Geissmann, F., S. Jung, and D. R. Littman. 2003. Blood monocytes consist of two
principal subsets with distinct migratory properties. Immunity 19: 71– 82.
9. Ginhoux, F., F. Tacke, V. Angeli, M. Bogunovic, M. Loubeau, X. M. Dai, E. R.
Stanley, G. J. Randolph, and M. Merad. 2006. Langerhans cells arise from monocytes in vivo. Nat. Immunol. 7: 265–273.
10. Fogg, D. K., C. Sibon, C. Miled, S. Jung, P. Aucouturier, D. R. Littman, A.
Cumano, and F. Geissmann. 2006. A clonogenic bone marrow progenitor specific
for macrophages and dendritic cells. Science 311: 83– 87.
11. Naik, S. H., D. Metcalf, A. van Nieuwenhuijze, I. Wicks, L. Wu, M. O’Keeffe,
and K. Shortman. 2006. Intrasplenic steady-state dendritic cell precursors that are
distinct from monocytes. Nat. Immunol. 7: 663– 671.
12. Varol, C., L. Landsman, D. K. Fogg, L. Greenshtein, B. Gildor, R. Margalit,
V. Kalchenko, F. Geissmann, and S. Jung. 2006. Monocytes give rise to mucosal, but
not splenic conventional dendritic cells. J. Exp. Med. In press.
13. Passlick, B., D. Flieger, and H. W. Ziegler-Heitbrock. 1989. Identification and
characterization of a novel monocyte subpopulation in human peripheral blood.
Blood 74: 2527–2534.
14. Grage-Griebenow, E., H. D. Flad, and M. Ernst. 2001. Heterogeneity of human
peripheral blood monocyte subsets. J. Leukocyte Biol. 69: 11–20.
15. Belge, K. U., F. Dayyani, A. Horelt, M. Siedlar, M. Frankenberger, B. Frankenberger,
T. Espevik, and L. Ziegler-Heitbrock. 2002. The proinflammatory CD14⫹
CD16⫹DR⫹⫹ monocytes are a major source of TNF. J. Immunol. 168: 3536 –3542.

The Journal of Immunology
16. Palframan, R. T., S. Jung, G. Cheng, W. Weninger, Y. Luo, M. Dorf, D. R.
Littman, B. J. Rollins, H. Zweerink, A. Rot, and U. H. von Andrian. 2001.
Inflammatory chemokine transport and presentation in HEV: a remote control
mechanism for monocyte recruitment to lymph nodes in inflamed tissues. J. Exp.
Med. 194: 1361–1373.
17. Yrlid, U., C. D. Jenkins, and G. G. Macpherson. 2006. Relationships between
distinct blood monocyte subsets and migrating intestinal lymph dendritic cells in
vivo under steady-state conditions. J. Immunol. 176: 4155– 4162.
18. Sunderkotter, C., T. Nikolic, M. J. Dillon, N. Van Rooijen, M. Stehling, D. A.
Drevets, and P. J. Leenen. 2004. Subpopulations of mouse blood monocytes differ
in maturation stage and inflammatory response. J. Immunol. 172: 4410 – 4417.
19. Qu, C., E. W. Edwards, F. Tacke, V. Angeli, J. Llodra, G. Sanchez-Schmitz,
A. Garin, N. S. Haque, W. Peters, N. van Rooijen, et al. 2004. Role of CCR8 and
other chemokine pathways in the migration of monocyte-derived dendritic cells
to lymph nodes. J. Exp. Med. 200: 1231–1241.
20. Holt, P. G., J. Oliver, N. Bilyk, P. G. McMenamin, G. Kraal, and T. Thepen.
1993. Down-regulation of the antigen presenting cell function(s) of pulmonary
dendritic cells in vivo by resident alveolar macrophages. J. Exp. Med. 177:
397– 407.
21. Julia, V., E. M. Hessel, L. Malherbe, N. Glaichenhaus, A. O’Garra, and R. L.
Coffman. 2002. A restricted subset of dendritic cells captures airborne antigens
and remains able to activate specific T cells long after antigen exposure. Immunity
16: 271–283.
22. Lambrecht, B. N., B. Salomon, D. Klatzmann, and R. A. Pauwels. 1998. Dendritic cells are required for the development of chronic eosinophilic airway inflammation in response to inhaled antigen in sensitized mice. J. Immunol. 160:
4090 – 4097.
23. Gonzalez-Juarrero, M., T. S. Shim, A. Kipnis, A. P. Junqueira-Kipnis, and I. M.
Orme. 2003. Dynamics of macrophage cell populations during murine pulmonary
tuberculosis. J. Immunol. 171: 3128 –3135.
24. Jung, S., D. Unutmaz, P. Wong, G. Sano, K. De los Santos, T. Sparwasser, S. Wu,
S. Vuthoori, K. Ko, F. Zavala, et al. 2002. In vivo depletion of CD11c⫹ dendritic
cells abrogates priming of CD8⫹ T cells by exogenous cell-associated antigens.
Immunity 17: 211–220.
25. Jung, S., J. Aliberti, P. Graemmel, M. J. Sunshine, G. W. Kreutzberg, A. Sher,
and D. R. Littman. 2000. Analysis of fractalkine receptor CX3CR1 function by
targeted deletion and green fluorescent protein reporter gene insertion. Mol. Cell.
Biol. 20: 4106 – 4114.
26. Borriello, F., M. P. Sethna, S. D. Boyd, A. N. Schweitzer, E. A. Tivol, D. Jacoby,
T. B. Strom, E. M. Simpson, G. J. Freeman, and A. H. Sharpe. 1997. B7-1 and
B7-2 have overlapping, critical roles in immunoglobulin class switching and
germinal center formation. Immunity 6: 303–313.
27. Barnden, M. J., J. Allison, W. R. Heath, and F. R. Carbone. 1998. Defective TCR
expression in transgenic mice constructed using cDNA-based ␣- and ␤-chain
genes under the control of heterologous regulatory elements. Immunol. Cell Biol.
76: 34 – 40.
28. Robertson, J. M., P. E. Jensen, and B. D. Evavold. 2000. DO11.10 and OT-II T
cells recognize a C-terminal ovalbumin 323–339 epitope. J. Immunol. 164:
4706 – 4712.

2007
29. Ho, W., and A. Furst. 1973. Intratracheal instillation method for mouse lungs.
Oncology 27: 385–393.
30. Bergner, A., and M. J. Sanderson. 2003. Airway contractility and smooth muscle
Ca2⫹ signaling in lung slices from different mouse strains. J. Appl. Physiol. 95:
1325–1332.
31. Vermaelen, K., and R. Pauwels. 2004. Accurate and simple discrimination of
mouse pulmonary dendritic cell and macrophage populations by flow cytometry:
methodology and new insights. Cytometry A 61: 170 –177.
32. Havenith, C. E., A. J. Breedijk, P. P. van Miert, N. Blijleven, W. Calame,
R. H. Beelen, and E. C. Hoefsmit. 1993. Separation of alveolar macrophages and
dendritic cells via autofluorescence: phenotypical and functional characterization.
J. Leukocyte Biol. 53: 504 –510.
33. Vallon-Eberhard, A., L. Landsman, N. Yogev, B. Verrier, and S. Jung. 2006.
Transepithelial pathogen uptake into the small intestinal lamina propria. J. Immunol.
176: 2465–2469.
34. Van Rijt, L. S., S. Jung, A. Kleinjan, N. Vos, M. Willart, C. Duez, H. C.
Hoogsteden, and B. N. Lambrecht. 2005. In vivo depletion of lung CD11c⫹
dendritic cells during allergen challenge abrogates the characteristic features of
asthma. J. Exp. Med. 201: 981–991.
35. Steinman, R. M., and Z. A. Cohn. 1974. Identification of a novel cell type in
peripheral lymphoid organs of mice. II. Functional properties in vitro. J. Exp.
Med. 139: 380 –397.
36. Steinman, R. M. 1999. Dendritic cells. In Fundamental Immunology, Vol. 1.
W. E. Paul, ed. Lippincott-Raven, Philadelphia, pp. 547–573.
37. Pollard, A. M., and M. F. Lipscomb. 1990. Characterization of murine lung
dendritic cells: similarities to Langerhans cells and thymic dendritic cells. J. Exp.
Med. 172: 159 –167.
38. Sharpe, A. H., and G. J. Freeman. 2002. The B7-CD28 superfamily. Nat. Rev.
Immunol. 2: 116 –126.
39. Maus, U. A., S. Janzen, G. Wall, M. Srivastava, T. S. Blackwell, J. W. Christman,
W. Seeger, T. Welte, and J. Lohmeyer. 2006. Resident alveolar macrophages are
replaced by recruited monocytes in response to endotoxin-induced lung inflammation. Am. J. Respir. Cell Mol. Biol. 35: 227–235.
40. Bennett, C. L., E. van Rijn, S. Jung, K. Inaba, R. M. Steinman, M. L. Kapsenberg,
and B. E. Clausen. 2005. Inducible ablation of mouse Langerhans cells diminishes but fails to abrogate contact hypersensitivity. J. Cell Biol. 169: 569 –576.
41. Van Rooijen, N. 1989. The liposome-mediated macrophage ‘suicide’ technique.
J. Immunol. Methods 124: 1– 6.
42. Maus, U., K. von Grote, W. A. Kuziel, M. Mack, E. J. Miller, J. Cihak, M.
Stangassinger, R. Maus, D. Schlondorff, W. Seeger, and J. Lohmeyer. 2002. The
role of CC chemokine receptor 2 in alveolar monocyte and neutrophil immigration in intact mice. Am. J. Respir. Crit. Care Med. 166: 268 –273.
43. Careau, E., and E. Y. Bissonnette. 2004. Adoptive transfer of alveolar macrophages abrogates bronchial hyperresponsiveness. Am. J. Respir. Cell Mol. Biol.
31: 22–27.
44. Lambrecht, B. N., and H. Hammad. 2003. Taking our breath away: dendritic cells
in the pathogenesis of asthma. Nat. Rev. Immunol. 3: 994 –1003.
45. Peters-Golden, M. 2004. The alveolar macrophage: the forgotten cell in asthma.
Am. J. Respir. Cell Mol. Biol. 31: 3–7.

4. Discussion
Dendritic cells (DCs) and macrophages (Mφs), collectively termed
mononuclear phagocytes (MP), are crucial for homeostatic tissue maintenance as well
as the innate and adaptive host defense. These pleiotropic functions are likely to be
covered by distinct DC and Mφ subsets, defined by anatomic location and molecular
make-up. However, task division within the MP system remains poorly defined. A
key to understanding of this issue, which might have important implications for the
development of future therapeutic strategies, is the elucidation of the in vivo origins of
DCs and Mφs. Maintenance of most peripheral MPs is believed to require continuous
replenishment from the BM. This includes the short-lived DC compartment, but also
Mφs. The link between the BM and peripheral Mφs or DCs is thought to be provided
by circulating blood monocytes, whose study recently gained striking momentum.
However, the origin and biology of this intriguing short-lived leukocyte, which cannot
be generated in vitro, remain poorly understood. This PhD thesis aimed to study the
origin and differentiation fate of murine monocytes.
Taking advantage of a mouse strain that carries a replacement of the CX3CR1
chemokine receptor gene by a GFP reporter (Cx3cr1gfp mice; 21, the Geissmann group
in collaboration with our laboratory recently reported the isolation of a novel
proliferating clonogenic precursor (termed MDP) from murine BM. MDPs give
exclusive rise to Mφs and DCs, when injected into the blood stream of recipient mice
37

. However, these experiments did not address how MDPs that reside in the BM can

under physiological conditions give rise to peripheral mononuclear phagocytes.
Specifically, the intravenous transfer used to investigate the in vivo differentiation
potential precluded insights into the interrelation of MDPs and BM and peripheral
blood monocytes. We therefore decided to revise the original adoptive MDP transfer
approach by injecting MDPs into their native BM micro-environment, i.e. the femoral
bone cavity of wt recipient mice. We showed that the CD11bneg Gr1(Ly6C/G)neg
MDPs differentiate into CD11b+ Gr1(Ly6C/G)hi and CD11b+ Gr1(Ly6C/G)low BM
and peripheral blood monocytes defining MDPs as the in vivo precursors monocytes
38

. Interestingly, the kinetics of the generation of the monocyte subsets from MDPs

differed, with Ly6Chi monocytes preceding the appearance of Ly6Clow monocytes.
Subsequent IBC and i.v transfers of Ly6Chi monocytes revealed that the latter indeed
converted under physiological conditions into the Ly6Clow subset

38

, substantiating

previous notions

29

. Importantly, it remains unclear whether MDPs can also directly

give rise to Ly6Clow monocytes or whether these cells arise from an obligatory Ly6Chi
monocyte intermediate (summarized in Fig.1).
In most current schemes of myeloid differentiation, the blood monocyte
appears as a “one way intermediate” from the BM to the peripheral blood.
Unexpectedly however, following the intra-femural MDP transfers we retrieved graftderived cells from the non-injected contra-lateral bone cavities. Using IBC and i.v.
engraftment of Ly6Chi BM monocytes we subsequently established that this cell
population was responsible for the inter-BM translocation. Furthermore, i.v. transfer
of blood monocytes revealed that the BM homing potential was inherent to the
majority, if not all of Ly6Chi monocytes 38. Interestingly, Ly6Clow monocytes homed
in contrast only poorly back to the BM [Varol, unpublished data] (summarized in Fig.
1).

Figure 1. Monocyte origins.
Schematic illustration of the monocyte
origin from MDP and subset interrelations.
Note that it remains unknown whether
Ly6Clow monocytes are generated through
an obligatory Ly6Chi intermediate or
whether MDPs can directly give rise to
these cells. Ly6Chi monocytes re-circulate
between blood and BM compartments.
BM, bone marrow; MDP, Mφ DC
progenitor.
(Varol et al., ICB, 2008).

It has been previously reported that adoptively transferred Ly6Chi blood
monocytes are poised to migrate to sites of inflammation, but in absence of the latter
rapidly disappear from the circulation

22

. This lead to the conclusion that the

'inflammatory' Ly6Chi monocyte subset is short lived with a half-life of a day. In the
light of our new findings that Ly6Chi blood monocytes shuttle in the absence of
inflammation efficiently from the blood back to the BM, we have revised this
interpretation. Furthermore, given the reported recruitment of Ly6Clow to sites of

challenge 30, the term “inflammatory” monocytes appears in retrospect to have been a
misnomer.
A number of recent studies indicate that the re-circulation of monocytes might
be related to unique yet still poorly understood tasks that the cells perform in this
compartment. These are discussed in the attached review (Varol., ICB, 2008), and are
summarized here in Fig. 2.

Figure 2. Potential implications of monocyte recirculation. Schematic illustration of the
various fates that can potentially be acquired by Ly6Chi monocytes following their migration
back to he BM. (a) Conversion of Ly6Chi monocytes into Ly6Clow monocytes contributes to
the maintenance of the monocyte pool in the BM. (b) Recirculating Ly6Chi monocytes can
further differentiate into osteoclasts in the endosteum region following exposure to M-CSF
and RANKL, and thereby allow bone remodeling even in bones lacking hematopoiesis. (c)
Recirculating Ly6Chi monocytes might transport antigen to the BM or acquire antigen in the
BM from returning neutrophils and B cells, and further transport it to peripheral lymphoid
organs. (d) The recirculation pathway of Ly6Chi monocytes might be hijacked and abused by
pathogens for their dissemination to the BM. BM, bone marrow; M-CSF, macrophagecolony-stimulating-factor.
(Varol et al., ICB, 2008).

Monocytes have long been considered the sole in vivo precursors of Mφs and
DCs. However, recent studies unraveled a striking developmental plasticity of these
cells. In order to study the differentiation potential of Ly6Chi monocytes into
peripheral tissue DCs we took advantage of CD11c-DTR transgenic mice, which
harbor CD11c-expressing MPs that are sensitive to Diphtheria toxin (DTx), and are
hence depleted upon DTx treatment 9. In this conditional cell ablation system, targeted
cells die by apoptosis and are removed without causing major inflammation. In
combination with the DTx-mediated ablation complementary adoptive transfers can
be used in order to study the in vivo differentiation potential of DTx-resistant
precursor grafts by their ability to replenish the endogenous depleted MPs under noninflammatory conditions (Varol, MIMB, in press). Surprisingly, we found that
following engraftment adoptively transferred Ly6Chi monocytes efficiently seeded the
recipient spleen with CD11cint progeny, however failed to give rise to splenic
conventional CD11chi cDCs

38

. In contrast, intravenous and intrasplenic MDP

engraftment resulted in their differentiation into all splenic cDC subsets. Examination
of the recipient's peripheral lymph nodes revealed similar results (Varol, unpublished
data). Strikingly, Ly6Chi monocytes can differentiate in an efficient manner into
CD11chi DCs in the intestinal lamina propria and lungs of DC- depleted mice. As
Ly6Chi monocytes can convert into the Ly6Clow subset, further experiments were
required in order to decide which subset obtains the ability to differentiate into
mucosal CD11chi DCs. Indeed, we could subsequently show that Ly6Chi monocytes
specifically reconstituted CX3CR1+CD11b+ lpDCs, but that Ly6Clow monocytes failed
to do so (Varol and Vallon-Eberhard, revised manuscript under review in Immunity).
On the other hand both Ly6Chi and Ly6Clow monocytes harbor the potential to give
rise to DCs in the respiratory tract, although only Ly6Clow monocytes can differentiate
into lung Mφ

50

. Collectively, we conclude that, under resting conditions monocytes

appear to be dedicated to DC replenishment of non-lymphoid organs such as the
intestinal lamina propria and the lung, while splenic DCs seem to arise from local
precursors without a monocytic intermediate.
The function of the splenic CD11cint population generated by the Ly6Chi
monocytes remains unclear. Another recent study suggests that Ly6Chi monocytes can
under certain conditions of inflammation differentiate into a splenic CD11chi DC
population

92

. Furthermore, the Pamer group identified in the spleens of Listeria

infected mice the accumulation of a CD11cint cell population, which they termed TipDCs due to their characteristic secretion of TNFα/ iNOS

80

. These cells were later

shown to be generated by Ly6Chi monocytes in a CCR2 dependent manner 81. Further
experiments are required in order to characterize this CD11cint monocyte progeny
under steady state and inflammatory conditions.
In accordance with our results, recent studies have identified DC-committed
precursors in the spleen

79,92

and in the BM

16,93-95

, which give rise to all splenic cDC

subsets without a monocytic intermediate. The below scheme adopted from Liu., et al
93

, illustrates the updated accepted theory of the in vivo cDC development sequence

starting from the BM toward to spleen and LNs (Fig. 3).

Figure 3. The in vivo sequence of cDCs development in the spleen and LN
Schematic illustration of DC development from the macrophage and DC precursor (MDPs),
to common DC precursors (CDPs) that give rise to plasmacytoid DCs (pDCs) and
conventional splenic DCs (cDCs), but not monocytes, and finally to committed precursors of
cDCs (pre-cDCs). Monocytes on the other hand, can give rise to Tip-DCs under inflammatory
conditions, but fail to differentiate into splenic cDCs.

In mucosal tissues, the development of inflammation and immunity is central
to effective host defense against invading pathogens, yet must be tightly regulated to
prevent abnormal responses to innocuous environmental antigens and commensal

organisms that result in allergy or chronic inflammatory diseases. This is particularly
true in the intestine, where there is continuous exposure to a vastly complex mixture
of ingested environmental and food antigens, and intestinal microbiota. Maintenance
of this critical balance is attributed to mucosal DCs that reside in the lamina propria
and organized lymphoid tissues. Using conditional DC ablation and a complementary
adoptive precursor cell transfer strategy we previously showed that grafted Cx3cr1gfp/+
Ly6Chi monocytes differentiated in the ileal lamina propria of DC-depleted recipient
mice into CD11chi cells

38

. Yet, the lpDC compartment is far more complex and

heterogeneous, and the origins and functional organization of lpDCs remained poorly
understood. We hence set out to study the origins and functions of intestinal lamina
propria DC subsets (Varol and Vallon-Eberhard, revised manuscript under review in
Immunity).
In order to elucidate the complexity of the lpDC compartment we first
performed a comprehensive characterization of the different lpDC subsets in the colon
and ileum. Recent studies have established that the murine small intestinal lamina
propria compartment contains two major CD11chi DC subsets: CD11bneg CD103hi and
CD11bhi CD103neg/lo cells

88-91

. Our characterization of the ileal and colonic lamina

propria of Cx3cr1gfp/+ mice revealed even further lpDC complexity. Whereas CD11bneg
CD103hi lpDCs were homogenously CX3CR1/GFPneg, CD11bhi lpDCs could be
further subdivided into three distinct subsets, based on CX3CR1 expression. While
CX3CR1neg lpDCs, including CD11bneg and CD11bhi cells, were found to be CD103hi
and CD14neg, CX3CR1+ lpDCs were mostly negative for CD103 and expressed high
levels of CD14 and the co-stimulatory molecules CD80 and CD86.
We then revisited our combination of conditional cell ablation and precursor
cell engraftment strategy to investigate the origin and function of murine intestinal
CD11chi lpDCs in in vivo context. Our results clearly defined Ly6Chi, but not Ly6Clow
monocytes, specifically as the precursors of the CX3CR1+ CD11bhi lpDCs. In support
of this notion, we and others have previously shown that Ly6Chi monocytes give rise
to mucosal CD11bhi DCs in the lung

38,50,96

and in the vagina

84

. In contrast,

CX3CR1neg CD103hi lpDCs (both CD11bneg and CD11bhi) originated from the MDPs,
which also gave rise to CX3CR1+ CD11bhi CD103neg lpDCs. Since we previously
demonstrated that MDPs can give rise to Ly6Chi monocytes
+

38

, it remains unclear

hi

whether MDPs are the direct precursors of CX3CR1 CD11b lpDCs or if these cells
are arise through obligatory monocyte intermediate. The answer to this question has

to await future experiments in which we will adoptively transfer the recently
discovered BM DC-committed precursors – the pre-cDC, which are downstream of
MDPs, can be detected in the blood and have lost their potential to generate
monocytes 93. In support of this notion, Agace and colleagues recently suggested that
both CD103hi and CD103neg ileal lpDC subsets are derived from circulating
precursors 97.
Recent studies have highlighted the critical involvement of the growth factors
GM-CSF and Flt3L in the in vitro and in vivo generation of murine DCs

95,98-102

.

Notably, treatment with a modified form of murine GM-CSF has been shown to
expand CD11bhi but not CD11blo DCs in the murine spleen

98,103

. Moreover,

adenoviral overexpression of GM-CSF resulted in a profound increase in CD11bhi
liver DCs 104. Flt3L administration, on the other hand, induced a general expansion of
DCs in all tested organs 105. More recently, MDPs were shown to expand and exit the
BM in response to Flt3L, although the factor was dispensable for their generation 95.
In order to examine the role of these growth factors in the differentiation pathways of
lpDCs we used independent complementary approaches, examining the effects of
their absence or excess on the frequency of lpDC subsets. Our findings lend further
support to this dichotomy of the DC differentiation pathways, where GM-CSF drives
the differentiation of precursor cells towards the CD11bhi phenotype, whereas Flt3L
drives an alternative, monocyte-independent differentiation pathway towards
CD11bneg subset. The analysis of mixed BM chimera mice, harboring both WT and
mutant lpDCs further confirmed that both cytokines uniquely control the
differentiation of CD11bhi and CD11bneg lpDCs in a cell intrinsic manner.
Collectively, this establishes that the generation of monocyte-derived CD11bhi lpDCs
is governed by GM-CSF, whereas the monocyte-independent pathway to CD11bneg
lpDCs is driven by Flt3L.
The intestinal reconstitution kinetics of monocyte-derived CD11bhi lpDCs
revealed a progressive replenishment that peaked after two weeks. Transfer of CFSElabeled monocytes established that graft-derived CD11chi lpDCs underwent
significant proliferation in the lamina propria. Moreover, we found individual ileal
villi of the recipient mice reconstituted through clonal expansion by discrete cell
clones. The physiological relevance of this finding remains to be shown, yet it may
potentially relate to the pathogenesis of the patchy discontinuous inflammation noted
in IBD, mainly Crohn's Disease

106

. In agreement with our findings, Jaensson et al.,

recently reported, based on BrdU and Ki67 staining, that the CD103neg CD11bhi lpDC
population is maintained in part through homeostatic proliferation

97

. Our

experimental approach precluded addressing the proliferative potential of the
CX3CR1neg CD103hi lpDC subsets. However, the study by Agace and colleagues
suggests that maintenance of CD103hi ileal lpDCs relies on circulating BM-derived
precursors, rather than on local proliferation 97.
We previously have shown that Ly6Chi monocytes give rise under noninflammatory conditions to splenic CD11cint DCs population, but fail to differentiate
into splenic cDCs. We and others have suggested therefore that lymphoid organ DCs
may be generated exclusively from DC-committed precursors without a monocytic
intermediate

38,79,94,95

. Here we report that both monocyte subsets can replenish

Peyer's patch (PP) and Mesenteric lymph node (MLN) CD11bhi CD11chi DCs
following their transfer into DC-depleted mice. Notably, this highlights the distinct
anatomic diversity of the DC differentiation process, where in the gut- associated
lymphoid tissue (GALT) monocytes may serve as in vivo cDC precursors
(summarized in Fig. 4). Importantly, monocytes failed to differentiate into CD103hi
CD11bneg CD11chi MLN-DC, which were readily detected following transfer of
MDPs. Indeed, it is believed that the majority of CD103hi CD11bneg MLN DCs seems
to represents a lamina propria-derived migratory population that plays a critical role in
presenting orally-derived soluble antigen to T cells 89,97,107.
As opposed to Ly6Chi monocytes, Ly6Clo monocytes failed to reconstitute the
lamina propria with DCs, but differentiated into PP-DCs. More studies are required to
define the molecular cues that govern the intriguing preferential migration of Ly6Clo
monocytes and their fates in the intestine.
The combination of lpDC ablation and precursor-mediated reconstitution
allows the study of the impact of graft-derived lpDCs on the maintenance of gut
homeostasis in a steady state and under challenge. Therefore we combined our
adoptive transfer protocol with dextran sulfate sodium (DSS)-induced murine colitis
model. Interestingly, mice that were persistently or transiently depleted of lpDCs

neither developed spontaneous intestinal inflammation nor were found to be overtly
susceptible to disease development in a DSS induced innate colitis model. Thus,
lpDCs seem to be generally dispensable for the maintenance of intestinal homeostasis,
as is also suggested by the absence of bowel inflammation in mice that constitutively
lack lpDCs 108. In contrast, mice that exclusively harbored monocyte-derived CD11bhi

DCs in their lamina propria developed severe signs of colitis in response to DSS
challenge, as determined by colonoscopy and histological examination. These results
suggest that monocyte-derived CD11bhi lpDCs interfere with the restoration of
epithelial integrity that limits progression to chronic gut inflammation. We showed
that this pro-inflammatory activity was critically dependent on TNFα, thus
corroborating earlier reports of the central role of this cytokine in innate and T cellmediated colitis, as well as in human IBD 109-111.

Figure 4. Tissue-context dependent fates of monocytes.
Schematic illustration presenting the developmental plasticity of Ly6Chi monocytes
depending on the microenvironment they encounter following their extravasation from the
blood. Note that Ly6Chi monocytes fail to give rise to splenic cDCs, but do differentiate into
CD11bhi CD11chi Peyer's Patches and Mesenteric LN DCs. Moreover, Ly6Chi monocytes are
also the precursors of non-lymphoid tissues DCs, such as lung and intestinal lamina propria
CD11bhi CD11chi DCs.
(Varol et al., ICB, 2008)

Our results establish that the inflammation resulting from the DSS-inflicted
epithelial damage is caused by immune cells, and represents an innate immunopathology driven by CD11bhi lpDCs. Our data highlight the importance of a delicate
balance between CD11bneg and CD11bhi lpDCs to maintain robust intestinal
homeostasis that defies disturbances, as those induced by the breach of the epithelial

barrier. These findings further suggest that CD11bnegCD103hi lpDCs harbor regulatory
functions, which are required to curb the activities of CD11bhi lpDCs. In support of
this notion, this lpDC subset has been reported to produce anti-inflammatory
cytokines, such as TGF-β and IL-10

88

. It remains, however, to be shown whether

CD11bnegCD103hi lpDCs act directly on CD11bhi lpDCs or indirectly by affecting
other immune cells or the epithelium itself. The recent identification of pre-cDC

93

and the elucidation of the in vivo cDC committed development pathway from the BM
to spleen will hopefully enable us in the near future to reconstitute exclusively the
CD11bneg CD103hi lpDC subset, and hence, allow us to perform more comprehensive
functional analysis of these lpDCs and their interaction with their microenvironment.
The similarities and differences in the developmental pathways of splenic cDCs and
lpDCs are schematically summarized below (Fig. 5).
In conclusion, we established that the two reported main lpDC subsets have
distinct origins and functions. CD11bneg lpDCs arise without monocytic intermediates
from MDPs through a Flt3L-mediated pathway, CD11bhi lpDCs are derived from
grafted Ly6Chi but not Ly6Clo monocytes under the control of GM-CSF, and undergo
massive clonal expansion in the lamina propria. Mice reconstituted exclusively with
monocyte-derived CD11bhi lpDCs, when challenged in an innate colitis model
develop severe intestinal inflammation that is driven by graft-derived TNFα secreting
CD11bhi lpDCs. Our results highlight the critical importance of the CD11bhi/CD11bneg
lpDC balance for robust gut homeostasis. Finally, our study represents a major
technical advance for the study of in vivo intestinal DC functions.
The results mentioned above might mistakenly define the monocytes as
precursors of pro-inflammatory cells. This indeed can be true for the CD11cint TipDCs in the spleen and for the CD11bhi lpDCs in the intestinal lamina propria.
Nevertheless, these monocyte derived DC populations probably have some other noninflammatory functions in the steady state, which need to be elucidated in the future.
Moreover, the developmental plasticity of monocyte subsets is much more dynamic,
depending on the microenvironment to which the cells are exposed. For example, in a
mouse model of skeletal muscle damage, Arnold et al., reported that Ly6Chi
monocytes, which exhibit a pro-inflammatory profile are recruited to the site of
injury, where they differentiate into proliferating F4/80hi Mφs, switch their phenotype
to acquire an anti-inflammatory profile and stimulate myogenesis and fiber growth to

restore muscle integrity 5. On the other hand, using a mouse model of myocardial
infarction, Nahrendorf et al. have reported that the two monocyte subsets harbor
distinct, temporally separated functions. Recruited via CCR2, Ly6Chi monocytes
dominate at the injured heart in the first 3 days and exhibited phagocytic, proteolytic
and inflammatory activity. In contrast, the subsequent resolving phase was
characterized by the CX3CR1-dependent recruitment of Ly6Clow monocytes which
have attenuated inflammatory properties, expressed vascular-endothelial growth
factor (VEGF) and promoted healing 8. Highlighting this dual potential of monocytederived cells, the following part of my PhD thesis describes a different situation in
which the monocyte-derived MPs are anti-inflammatory and play an indispensable
role for the recovery from spinal cord injury (SCI).

Figure 5. Scheme summarizing intestinal dendritic cell origins and their relation to
splenic dendritic cells.
CD11bneg and the small subset of CD11b+CD103+CD14-CX3CR1neg lpDCs derive like
conventional splenic DCs 38,79 from non-monocytic precursors, termed pre-cDCs 93, that
originate via CDPs 92,94 from MDPs 37. CX3CR1int and CX3CR1hi CD14+CD11b+ lpDCs derive
from Ly6Chi but not Ly6Clo monocytes. In the spleen Ly6Chi monocytes give rise to Tip-DCs
81
, but not conventional DCs 37,38,79. The pre-cDC pathway and monocyte pathway are driven
by Flt3L and GM-CSF, respectively.

Although Mφs are known as essential players in the recovery of injured
peripheral organs, their contribution to recovery from SCI is a subject of debate. The
difficulties in distinguishing at the lesion site between different Mφ subpopulations
further contributed to the controversy and led to the common view that Mφs are
functionally homogenous. Given the massive accumulation in the injured spinal cord
of activated resident microglia, which are the native immune occupants of the central
nervous system (CNS), and the low levels of spontaneous recovery, the recruitment of
additional infiltrating monocytes from the peripheral blood seemed puzzling. A key
question that remained was whether the infiltrating monocyte-derived Mφs contribute
to repair, or represent a detrimental response.
In the frame of my PhD thesis an equal collaboration with the laboratory of
Prof. Michal Schwartz was established in order to investigate the hypothesis that the
infiltrating monocyte-derived Mφs are essential for recovery from SCI and are
functionally distinct from the inflammatory resident microglia. We first characterized
the infiltration of monocytes into the injury site. Our results highlight the fact that
monocytes-derived Mφs and resident microglia differ in their distribution and
activities following SCI. The resident microglia were found to be distributed
throughout the epicenter of the lesion and at its margins. In contrast, Mφs that derive
from an acute monocyte infiltrate were excluded from the lesion center and
preferentially located at its margins.
In order to distinguish functionally between the resident activated microglia
and the monocyte-derived Mφs we used two independent ablation approaches, one
targeting the Ly6Chi blood monocytes using the anti-CCR2 MC21 Ab 112and the other
targeting activated CD11chi monocyte-derived Mφs distributed at the margins of the
injury site using the CD11c-DTR system 9. We show that selective ablation of
monocyte-derived Mφs resulted in increased numbers of resident activated microglia
and impaired recovery. Thus, the increased number of microglia fail to compensate
for the loss of infiltrating monocyte-derived Mφs, suggesting that these recruited cells
have a unique role in the recovery process that cannot be replaced by the resident
microglia. Importantly, the distinctive roles of microglia and monocyte-derived Mφs
may be related to the activation state of these myeloid cells. Hence, the resident
microglia are embedded in the CNS prior to the injury and are immediately activated

by the insult, whereas the naive monocyte-derived Mφs encounter temporally
different damage site due to their delayed infiltration.
Our present results suggest that the low spontaneous recovery following injury
might be due to the insufficient natural levels and activation state of the monocytederived Mφs. Indeed, boosting the naïve monocyte-pool artificially by either adoptive
transfer or CNS specific vaccination resulted in a higher number of spontaneously
recruited cells and improved recovery. Thus, the extent of spontaneous recruitment of
monocytes from the circulation during SCI is a limiting factor in the recovery process.
However, it remains to be shown how the stimulation of the CNS antigen-reactive T

cells in the vaccination protocol we used contributes to the enhanced monocyte
recruitment, be it via local modifications at the lesion site or systemic effects.
Previous studies reported enhanced recovery following depletion of Mφs,
mediated by injection of liposome-encapsulated clodronate
recruitment using anti-integrin antibodies

60-62,113-115
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, or blockage of their

, or chemokine antagonists

116

.

The authors of these studies concluded that all myeloid cells are detrimental,
regardless of their phenotype, activation, location, and, most importantly, origin. In
contrast, our ablation strategy aimed selectively at monocyte-derived Mφs, while
sparing the resident microglia.
Interestingly, the monocytic infiltrate, whether spontaneous or enhanced by
vaccination, was not detected immediately after injury. Moreover, ablation of
monocyte-derived Mφs had no effect on functional recovery in the second week.
Taken together, these two observations suggested that the essential effect of these
cells was restricted to the first week following injury, and probably between day 4 and
day 7 post-injury. Importantly, our work does not contradict other studies
demonstrating the benefit attained by the restriction of local inflammation at a certain
time point and by a specific sub-population of immune cells

60-62,117-119

. In contrast,

our results attribute a novel temporal and spatial dependent immunoregulatory
function to CD11c+ monocyte-derived Mφs, which can benefit the injured CNS by
controlling the local immune response, rather than adding to the already-detrimental
inflammation.
Histological examination of the SCI lesion sites showed expression of
immunoregulatory factors, such as arginase-I and IL-10 by the monocyte-derived
Mφs. Sequential adoptive transfer experiments showed that IL-10-deficient monocyte-

derived Mφs failed to promote recovery. This established that the anti-inflammatory
cytokine, IL-10 is a critical factor determining the beneficial function of the
monocyte-derived Mφs in CNS repair. In support of this notion, monocyte-derived
suppressor cells were shown to play role in the resolution of autoimmune diseases of
the CNS 120,121.
Altogether, our study brings a new insight into the long-standing debate
regarding the contribution of Mφs to CNS repair. We defined a critical non-redundant
role of a unique subset of infiltrating Ly6Chi monocyte-derived Mφs that at a specific
location and time frame, mediate their beneficial activity through secretion of an
immunoregulatory cytokine. This new understanding of the differential role of
activated resident microglia and these infiltrating monocyte-derived Mφs and their
mutual relationship following CNS insult, might enable the development of novel
approaches to manipulate and refine the endogenous repair mechanisms, and thereby
to improve currently available therapies for CNS injuries (Summarized in Fig. 6).

Central canal

Distal to site
Injury margins
Injury site
CD11c+ resident
microglia
CD11c+ Ly6Chi
amoeboid
IL-10 secreting
monocytederived MΦ
CD11cneg Ly6Chi
ramified
monocyte derived MΦ

Figure 6. Infiltrating monocytes-derived Mφs play an essential anti-inflammatory role
distinct from resident microglia in spinal cord repair
Ly6Chi monocytes are spontaneously recruited to the damaged CNS, presumably through the
central canal, and that their CD11c+ activated Mφ descendants preferentially accumulate at
the margins of the lesion site contributing to the recovery by providing the anti-inflammatory
cytokine IL-10.

Concluding remarks
Monocytes represent arguably the most dynamic and versatile cell population of the
mononuclear phagocyte system, providing an essential link between the sites of
hematopoiesis and peripheral organs. Moreover, beyond their function as Mφ and DC
precursors the recent advance in our understanding of the complexity of this cell
population has taught us to appreciate their raison d’etre in their own right. Thus,
distinct murine Ly6Chigh and Ly6Clow monocyte subsets critically contribute both to
the establishment and the resolution of local inflammatory reactions and participate in
the innate immune-surveillance of the organism. In depth insights into monocyte
biology are likely to add to our understanding of homeostasis, pathogenesis and
healing processes. Furthermore, once extended to the human they might spur the
development of monocyte-based cell therapies.
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