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Abstract

Tumor lymphatics play a key role in cancer
progression as they are solely responsible for
transporting malignant cells to regional lymph
nodes (LNs), a process that precedes and pro-
motes systemic lethal spread. It is broadly
accepted that tumor lymphatic sprouting is
induced mainly by soluble factors derived
from tumor-associated macrophages (TAMs)
and malignant cells. However, emerging evi-
dence strongly suggests that a subset of TAMs,
myeloid-lymphatic endothelial cell progeni-
tors (M-LECP), also contribute to the expan-
sion of lymphatics through both secretion of
paracrine factors and a self-autonomous
mode. M-LECP are derived from bone mar-
row (BM) precursors of the monocyte-
macrophage lineage and characterized by
unique co-expression of markers identifying
Iymphatic endothelial cells (LEC), stem cells,
M2-type macrophages, and myeloid-derived
immunosuppressive  cells. This review

describes current evidence for the origin of
M-LECP in the bone marrow, their recruit-
ment tumors and intratumoral trafficking,
similarities to other TAM subsets, and mecha-
nisms promoting tumor lymphatics. We also
describe M-LECP integration into preexisting
lymphatic vessels and discuss potential mech-
anisms and significance of this event. We con-
clude thatimproved mechanistic understanding
of M-LECP functions within the tumor envi-
ronment may lead to new therapeutic
approaches to suppress tumor lymphangio-
genesis and metastasis to lymph nodes.
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7.1 Introduction

The lymphatic system consisting of lymph nodes
(LNs) and the highly organized hierarchal net-
work of lymphatic vessels is unique in the sense
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that it is an integral part of both the body’s
immune defense and circulatory networks. As
part of the immune defense, the lymphatic sys-
tem is primarily responsible for transporting
macrophages and dendritic cells (DC) from the
tissues to regional lymph nodes where they pres-
ent newly harvested antigens to regulatory and
effector cells to help mount an adaptive immune
response [4]. Lymphatic vessels also play impor-
tant roles in the leukocyte trafficking and regula-
tion of local immune responses [7, 89, 104]. As
part of the circulatory system, lymphatic vessels
are responsible for absorbing excessive protein
and fluid from the interstitium and returning them
to blood circulation [95]. This is particularly
important during inflammation that is character-
ized by elevated vascular permeability [24] and,
hence, a significant increase in water and blood
proteins in the affected tissues. Specialized lym-
phatic vessels perform a variety of critical physi-
ological functions in the skin, guts, and other
organs [81].

The functions of the normal lymphatic system
are beneficial for homeostasis, immune defense,
and tissue restoration post-injury. Whereas
induction of tumor lymphatics follows the same
incentives as physiological lymphangiogenesis,
tumor-induced lymphatics play a largely nega-
tive role. This is because tumor lymphatics are
sole contributors to transporting malignant cells
to local lymph nodes, a process that greatly
increases systemic metastasis [12, 87]. An addi-
tional factor is that in the cancer environment,
demands for generation of new vasculature are
aggravated by high concentrations and imbal-
ance of endothelium-promoting proteins over-
expressed by malignant cells.

The two main factors that induce tumor and
inflammatory lymphangiogenesis are vascular
endothelial growth factor C (VEGF-C) and a
related protein VEGF-D [55]. Both ligands bind
the high-affinity tyrosine kinase receptor
VEGFR-3 that is primarily expressed in lym-
phatic endothelial cells (LEC) [68]. VEGFR-3
activation increases proliferation, migration, and
morphogenesis of LEC culminating in formation
of new sprouts derived from the “mother” vessel.
This canonical understanding of lymphatic vessel
(LV) formation [27, 72] is now rapidly expanding

by the emerging evidence indicating the critical
contribution of lymphatic endothelial cell pro-
genitors (LECP) [86, 88].

Although the existence and functional signifi-
cance of LECP for lymphatic formation were
debated in early studies [40, 48], it is now broadly
accepted in the field [52, 77, 88]. Addition of
exogenous LECP has been shown to increase
lymphatic vessel density (LVD) in multiple
in vivo models of inflammation [43, 64] and
tumors [113], whereas ablation of bone marrow
(BM)-derived mononuclear cells inhibits forma-
tion of new lymphatics [28]. Myeloid cell-derived
LECP (i.e., M-LECP) appear to be the predomi-
nant type of lymphatic progenitors that contrib-
ute to inflammatory [77] and tumor [88]
lymphangiogenesis in both human pathologies
[110] and mouse experimental models [113].
Blood-circulating LECP are present at substan-
tially higher levels in cancer patients compared
with healthy subjects [9, 85, 113]. As we recently
reported, the density of tumor-infiltrating
M-LECP in clinical breast cancers significantly
correlates with tumor-induced lymphatics and
patient lymph node (LN) status [112]. This col-
lective evidence strongly suggests an important
role of BM-derived lymphatic progenitors in gen-
eration of tumor lymphatics and subsequent
metastasis. This review summarizes the current
knowledge in the LECP and M-LECP field with
particular focus on their recruitment to tumors
and interactions with the cells of the tumor
microenvironment (TME).

7.1.1 Bone Marrow (BM) Origin

of M-LECP

Adult LECP reportedly originate from various
sources including the adipose tissue [118], cord
blood [107, 110], mesenchymal stem cells [25],
and hematopoietic stem cells [53]. However,
most studies identified BM-derived immature
CD11b-positive myeloid cells as an M-LECP pri-
mary source [28, 45, 63, 71, 90]. Supporting the
myeloid origin, human blood-circulating mono-
nuclear cells expressing lymphatic markers often
co-express CD14, a specific marker of monocytes
[19, 60, 110]. BM as the main source of M-LECP
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is also indicated by studies that showed reduction
of myeloid-lymphatic cells upon depletion of
BM cells by gamma irradiation and enhanced
lymphangiogenesis upon administration of exog-
enous BM precursors [90]. Additional support is
provided by the studies that showed detection of
green fluorescent protein (GFP) in newly formed
lymphatic vessels in mice following adoptive
transfer of BM cells with constitutive GFP
expression [88, 90]. It is also consistent with the
known immature status of myeloid-lymphatic
hybrid cells indicated by the absence of CD80
[45], a marker of mature macrophages, and high
expression of a monocytic progenitor marker
Ly6C [113]. Human LECP also express stem/
progenitor markers such as CD133 as shown in
VEGFR-3* blood-circulating progenitors in both
healthy subjects [19, 94] and cancer patients [9,
110]. Collectively, these reports strongly suggest
that M-LECP are derived from BM myeloid pro-
genitors rather than local tissue-differentiated
macrophages.

Identification of M-LECP
in Clinical Cancers

and Experimental Tumor
Models

7.1.2

M-LECP circulating in the blood or infiltrating
tumors can be identified by combined immunos-
taining for three types of markers typically segre-
gated to distinct lineages or different stages of
maturation:

1. Specific markers of the myeloid lineage (e.g.,
CDI11b in mouse and CD68 in human) indi-
cating their origin

2. Specific markers of lymphatic endothelial lin-
eage (e.g., VEGFR-3, LYVE-1, and podo-
planin (PDPN)) indicating the destination of
their cell fate

3. Stem/progenitor markers
early differentiation status.

indicating their

Mouse stem/progenitor markers associated
with M-LECP include Sca-1 [63] and Ly6C
[111], whereas human lymphatic progenitors
were reported to express PU.1[112], CD133, and

CD34 [85, 94]. Co-expression of Ly6C, PU.1,
and other stem cell markers in LEC-positive
hematopoietic cells suggests that M-LECP are
derived from the early precursors of the mono-
cytic lineage because these markers are largely
absent in mature myeloid cells [73, 114].

The presence of M-LECP in experimental
tumor models has been shown in numerous stud-
ies by co-staining for CD11b, a specific marker
of monocytes and macrophages, and one or more
lymphatic markers. The most consistent lym-
phatic markers identifying mouse M-LECP are
LYVE-1 [51, 96, 123] and podoplanin (PDPN)
[63], whereas VEGFR-3 and PROXI1 are less
reliable due to their low or absent expression.
This might be due to differential stages of matu-
rity of tumor-recruited M-LECP. As we previ-
ously showed, VEGFR-3 signaling is required
only for induction of pro-lymphatic differentia-
tion characterized by upregulated LYVE-1 and
PDPN but not for maintaining this lymphatic
phenotype [43]. This is in contrast with mature
LEC that express VEGFR-3, LY VE-1, and PDPN
constitutively. Therefore, it stands to reason that
LYVE-1* and PDPN* tumor-associated macro-
phages (TAMs) representing more mature LECP
are detected at greater quantities than VEGFR-3*
or PROX1* M-LECP, owing to the transient
expression pattern of these markers during dif-
ferentiation. Some examples of intratumoral
mouse and human M-LECP identified by double
staining using myeloid, stem, and lymphatic cell
markers are shown in Figs. 7.1 and 7.2.

In human clinical tumors, M-LECP have been
similarly identified by co-staining for LEC mark-
ers and CD68 that is broadly expressed in most
myeloid cells [41], or CD14, a specific mono-
cytic marker [121]. For instance, VEGFR-3-
positive cells co-expressing CD14 and CD68
were shown in clinical cervical cancers [97], and
LYVE-1*/CD68" macrophages were detected in
human melanoma [33]. We recently showed
[112] that 100% of LYVE-1* and PDPN* cells
infiltrating clinical breast cancers co-expressed
classic monocyte-macrophage markers CD14,
CDl11b, CD18, MD2, MyD8S8, and Toll-like
receptor 4 (TLR4) (Table 7.1). It is important to
note that the first four markers are essential com-
ponents of the TLR4 membrane complex,
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Fig. 7.1 Human clinical breast cancers massively recruit
M-LECP. Human BC specimens were co-stained for
CD68 (green) and antibodies against markers of lym-
phatic vessels (red) including (a) LYVE-1, (b) PDPN, and

whereas the fifth marker (MyD88) is a major
intracellular adapter of the activated TLR4. We
previously showed that the TLR4 pathway plays
a critical role in M-LECP differentiation [43,
113]. Therefore, this profile not only confirms the
myeloid-macrophage identity of lymphatic pro-
genitors but also demonstrates a direct link
between the TLR4 pathway and lymphatic pro-
genitors recruited to human cancers.

7.1.3 M-LECP Recruitment
to Tumors and Their
Intratumoral Trafficking

Because M-LECP are hybrid cells with dual
myeloid-lymphatic phenotype, they express
many chemokine receptors typical of macro-

(¢) PROX1. Nuclei in merged images were identified by
Hoechst stain. White arrowheads indicate cells that co-
express CD68 and lymphatic markers. All images were
acquired at 600x magnification

phages [113]. It is therefore likely that tumor
recruitment of M-LECP is mediated by similar
chemoattraction pathways that mobilize other
macrophage subsets. For instance, CSF1, one of
the most potent monocyte attractants [31, 65],
has been shown to recruit LY VE-1* macrophages
in a mouse osteosarcoma model [62]. Interference
with CSF1 signaling using a CSFIR inhibitor,
PLX3397, reduced TAM infiltration and lym-
phatic vessel density in a mouse breast cancer
model MMTV-PyMT [112]. This suggests that
LYVE-1" macrophages follow the same tumor
recruitment pathway as other BM-derived mono-
cytes. A separate study showed that PLX3397
treatment of MMTV-PyMT-bearing mice not
only reduced tumor infiltration by BM mono-
cytes but also reduced metastasis [31]. Taken
together, these studies suggest a direct link
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Fig. 7.2 Both tumor M-LECP and lymphatic vessels in
clinical breast cancers express stem/progenitor markers.
BC specimens were co-stained with anti-LYVE-1, a
marker of lymphatic vasculature, and hematopoietic stem
markers PU.1 or HCLS1. Both markers were observed in
(a) LYVE-1* monocytes and (b) tumor lymphatic vascula-

between recruitment of LYVE-1* macrophages
and tumor spread.

Another possible recruiter of M-LECP is
VEGF-A, a common tumor-derived factor that pro-
motes both angiogenesis and lymphangiogenesis
[116]. VEGF-A plays a major role in the recruit-
ment of BM monocytes via activation of one of its
receptors, VEGFR-1 [74]. Consistent with the
notion that M-LECP are recruited along with other
BM-derived myeloid cells, VEGF-A has been
shown to significantly increase the density of lym-
phatic progenitors in mouse models of human gas-
tric, colorectal, and breast cancers [108]. In line
with this report, VEGF-A neutralizing treatment of
mice with MDA-MB-231 breast tumors reduced
TAM infiltration concomitant with inhibition of
lymphangiogenesis [116]. Consistently, treatment
of patients with lung, breast, and colorectal cancers

ture. All images were acquired at 400x magnification,
with Hoechst stained nuclei present in merged images and
800x magnification panels. White boxes indicate areas
highlighted in images taken at 800x magnification. White
arrowheads point to cells and vessels expressing both
LYVE-1 and stem cell markers

using anti-human VEGF-A antibody, bevacizumab,
significantly reduced blood-circulating levels of
immature myeloid cells [76] that represent a major
source of M-LECP [88]. This suggests that
VEGF-A targeting might be useful for inhibiting
tumor infiltration of M-LECP and subsequent lym-
phangiogenesis in clinical settings.

Additional candidates for tumor recruitment
of M-LECP are CXCL12 (SDF-1), a chemokine
shown to recruit LYVE-1* macrophages to
adipose tissue via activation of its receptor
CXCR4 [23], and CXCR3, a receptor for chemo-
tactic factors CXCL9, CXCL10, and CXCL11
[91]. The potential for the latter receptor to con-
trol M-LECP migration is suggested by similar
effects on various immune cells including mono-
cytes [15] and mesenchymal stem cells [42].
Both CXCR3 and CXCR4 have been shown to
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Table 7.1 Protein expression profile of LYVE-1* progenitors in clinical breast cancer

Protein Marker 9% marker
expressed in description Marker lineage positive of total
LYVE-1* cells | or alias expression LYVE-1* cells | Comments
TLR4* Toll-like Myeloid, monocytes, | 100% TLR4 regulates differentiation of
receptor 4 macrophages M-LECP [88]
CDI11b* CDI11b Myeloid, monocytes, | 100% CDl11b is an essential co-receptor for
macrophages TLR4 [79] and a marker of myeloid
lineages [1]
CD14* CD14 Myeloid, monocytes, | 100% CD14 is an essential co-receptor for
macrophages TLR4 [39] and a specific marker of
monocytes [121]
MD2* Ly96 Myeloid, monocytes, | 100% MD2 is an essential co-receptor of
macrophages TLR4 [13]
MyD88* Myeloid Myeloid, monocytes, | 100% MyD8S is a key intracellular
differentiation macrophages mediator of the activated TLR4
factor 88 pathway [22]
CXCR3 CXCR3 Monocytes, 100% CXCR3 is a chemotactic receptor for
macrophages, stem stem cells [42], monocytes [15], and
cells other immune cells [67]
STABI1® Stabilin-1 M2-type 100% A marker of M2-type macrophages
macrophages and lymphatic endothelial cells [57, 92]
LEC
CD38* CD38 Early progenitors 80% A specific marker of early BM
progenitors [2]
HCLS1* Hematopoietic Early progenitors 50% A specific marker of early BM
cell-specific Lyn progenitors [100]
substrate-1
PU.1* Spi-1-proto- Early myeloid 50% A key determinant of
oncogene progenitors myelomonocytic differentiation [75]
CD146° CD146 Blood vascular 0% A marker of blood vessels [35] and
endothelial cells endothelial progenitors [30]; its
(BEC) absence suggests divergence from
BEC lineage
CD3, CD4, CD3, CD4, CD8 | T-cells 0% Absence of T-cell markers suggests
CD8§* lack of involvement of this lymphoid
lineage
CD19* CD19 B-cells 0% Absence of B-cell markers suggests
lack of involvement of this lymphoid
lineage
FPR-1° Formyl peptide | Mainly neutrophils 0% A specific marker of neutrophils [82];
receptor 1 the absence suggests divergence from
granulocyte lineage
EMA® Cytokeratins Epithelial cells 0% Absence of this marker suggests lack
of involvement of the epithelial
lineages

“Data are taken from the reference [112]
*Unpublished data

promote lymphangiogenesis [59, 120] and metas-
tasis [59, 122], which is consistent with their
potential role in the recruitment of
M-LECP. CXCR3 and, to alesser degree, CXCR4
were detected in all analyzed M-LECP in our
study of clinical breast cancers (Table 7.1).

However, the direct chemotactic role of either
CXCR3 or CXCR4 in tumor M-LECP mobiliza-
tion has not been determined.

Upon arrival to tumors, M-LECP tend to accu-
mulate near tumor lymphatic vessels [26], imply-
ing the existence of an intratumoral chemotactic
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gradient generated by LEC. This is not surprising
because macrophages and DC commonly use
lymphatic vessels to exit inflamed tissues on their
journey to regional LNs [6, 17]. M-LECP retain
the myeloid phenotype along with expression of
lymphatic markers and therefore may use
LV-generated chemotactic gradients of CCL19/
CCL21 known to attract CCR7* monocytes and
dendritic cells (DC) [93, 105]. Monocyte-
attracting chemokines CCL2, CCL3, and CCL5
might also be involved in M-LECP recruitment to
tumors in general and to lymphatic vessels, spe-
cifically. This is supported by detection of the
corresponding receptors of CCL2, CCL3, and
CCL5 in M-LECP differentiated in vitro [113].
These cytokines have also been shown to attract
blood vascular endothelial progenitors to intratu-
moral vessels [102], suggesting a similar role in
recruitment of LECP. However, their pro-
migratory functions in the context of lymphatic
progenitors and vasculature have not been
directly analyzed.

7.1.4 Relationships
Between M-LECP
and M2-TAMs

Tumor-associated macrophages (TAMs) are cus-
tomarily divided into M1 (immunostimulatory)
and M2 (immunosuppressive) types with the lat-
ter dominating the TME [99]. Some consider this
an oversimplified categorization since many
TAMs express both M1 and M2 markers [21, 66,
106] and display functional behavior associated
with both types. However, it has been widely
confirmed that TAMs express various scavenger
receptors such as CD163, CD204, and CD206
that are regarded as specific M2-type markers.
Scavenger receptors are a heterogeneous class of
proteins with broad ligand specificity whose
main function is to remove foreign elements from
the inflamed or wounded tissue. Such proteins
are highly upregulated in the type of macro-
phages responsible for cleansing and remodeling
an injured site. Not surprisingly, accumulation of
toxic material in the pathological TME attracts
and retains macrophages expressing scavenger

receptors. In relation to M-LECP, many TAMs
expressing scavenger receptors also express the
lymphatic marker LYVE-1 [36, 96]. TAMs with
dual expression of M2 and LEC markers were
identified in human clinical melanoma and a
mouse B16 melanoma model [33]. TAMs
expressing CD206 and another LEC marker,
VEGFR-3, were found in syngeneic 4T1 breast
tumors [36] as well as in other tumor models [96,
123]. We recently demonstrated in clinical breast
cancers that a large fraction of LYVE-1* TAMs
co-express CD163 and CD204 [112]. The over-
lapping expression of scavenger receptors in
TAMs and tumor M-LECP not only confirms the
myeloid-macrophage identity of lymphatic pro-
genitors but also suggests a common immuno-
suppressive nature of both cell types.

While co-localization of LEC markers in
M2-TAMs is fairly well established, the underlying
reason remains obscure. However, the new under-
standing that co-signature of M2 macrophages and
LEC markers identifies these cells as M-LECP
supports a different perspective. As mentioned
above, TAM gene expression suggests that their
main function is not necessarily to stimulate or
inhibit the immune system (they do a little bit of
both) but to restore homeostasis disturbed by the
TME. A similar macrophage type is found at the
resolution phase of wound healing geared toward
restoration of the tissue’s function after eliminating
pathogens and re-creating lost structural compo-
nents [69]. In such capacity, the M2-macrophages
must contain a subset that restores blood vascula-
ture for the obvious reason that no tissue expan-
sion or remodeling can occur in the absence of
adequate oxygen and nutrient supply. Angiogenesis
is customarily followed by lymphangiogenesis to
coordinate fluid and protein balance between the
two circulatory systems. Therefore, it stands to
reason that M2-type macrophages, the builders of
the new site, would contain a subset of pro-vascu-
lar cells designated to regenerate both blood and
lymphatic vessels. Indeed, TAMs have been
repeatedly linked to tumor angiogenesis [20, 70].
Analogously, M2-TAMs expressing LEC markers
(i.e., M-LECP) represent a subset of pro-vascular
myeloid cells with a specific mission to create new
lymphatics.
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7.1.5 Relationships
Between M-LECP
and Myeloid-Derived
Suppressive Cells (MDSC)

MDSC are defined as cells that express myeloid
progenitor markers and have abilities to suppress
functions of T-cells, B-cells, and NK cells [11].
In mouse models, MDSC are identified by
CD11b*/Ly6C*¥/Ly6G* (defined as granulocytic
PMN-MDSC), CD11b*/Ly6C"e"/Ly6G~ (defined
as monocytic M-MDSC), or Gr-1*/CD11b* cells
representing a mixed type [11]. Human markers
for MDSC include CD147/CDI11b*/CDI15*
(PMN-MDSC) and CD14*/CDI11b*/HLA-DR""
(M-MDSC) [11]. In both species, MDSC are
regarded as BM-derived immature myeloid cells
accumulating in tumors due to high turnover of
the existing TAMs [103].

Despite their significance, the exact definition
of the MDSC phenotype is still evolving due, in
part, to selected study methodology. For instance,
many studies did not measure presumed MDSC
immunosuppressive activity but rather identified
tumor MDSC based solely on the surface mark-
ers shared with other myeloid subtypes.
Additional confusion is caused by extensive use
of RB6-8C5 antibody that recognizes the granu-
locyte differentiation 1 (Gr-1) epitope shared by
two isoforms of Ly6 protein, Ly6G and Ly6C
[38, 56]. Although Ly6G and Ly6C are co-
expressed in early BM precursors, they are later
aligned with either a granulocytic or monocytic
lineage but not both [49]. The broad use of
RB6-8C5 antibody that binds to the mixed Ly6G/
Ly6C epitope adds another layer of uncertainty
over specific markers that define MDSC.

With that being said, a number of studies did
detect a significant overlap between M-LECP
markers and those ascribed to MDSC. For
instance, VEGFR-3 was detected in MDSC in
lymphoid organs and TAMs infiltrating 4T1
tumors [36]. SAR131675, a specific inhibitor of
VEGFR-3, was shown to suppress proliferation
of TAMs in vitro and reduce their tumor density
in vivo [18]. Analysis of clinical breast cancers
showed that TIE-2* macrophages expressing
LEC markers LYVE-1, VEGFR-3, PDPN, and

PROXT1 exhibited not only pro-lymphangiogenic
but also immunosuppressive activity [10]. These
cells also co-expressed a monocytic marker
CD14 considered as one of defining components
of the MDSC signature. PDPN-positive myeloid
cells in a mouse glioma model were also shown
to possess immunosuppressive activity, and dele-
tion of PDPN from these myeloid cells increased
tumor influx of CD8"* cytotoxic T-cells [34]. This
evidence collectively suggests that M-LECP, like
many other tumor-infiltrating immune cells, sup-
press the anti-tumor activities of the host.

The potential ability of M-LECP to suppress
immune responses might be important for their
main function to induce new vasculature. Tumor
vascular formation requires complex spatiotem-
poral coordination for differentiation and recruit-
ment of endothelial and perivascular progenitors
as well as intricate interactions with matrix and
other cells in the TME. These complex processes
might be prohibited in an environment generated
by ongoing cytotoxic activities of immune cells,
which likely exert bystander effects. It is possible
that M-LECP and other pro-vascular progenitors
have to be immunosuppressive to execute their
functions in order to avoid structural disruption
of newly created fragile vessels. Albeit currently
speculative, this hypothesis is supported by docu-
mented immunosuppression of other sites associ-
ated with generation of new vessels such as late
stages of wound healing and pregnancy [99].

7.1.6 Interactions of M-LECP
with Tumor-Associated

Lymphatic Endothelium

One cell type that LECP clearly interact with in
the tumor environment is LEC lining preexisting
lymphatic vessels. This conclusion is based on
two main lines of evidence. First, tumor-
infiltrating M-LECP are often found in proximity
or close association with preexisting lymphatic
vessels [90, 123]. Second, they structurally inte-
grate specifically into lymphatic vessels even if
blood vessels are present in the same field [113,
123]. It is also significant that LY VE-1* progeni-
tors integrate only into tumor-associated vessels
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but not those in nearby nonneoplastic tissues
[10]. This suggests coordinated expression of
complementary receptors on M-LECP and acti-
vated or inflamed lymphatic vessels that control
their specific interaction.

Vascular integration of lymphatic progenitors
has been tracked and quantified using various
approaches. One approach is detection of exoge-
nously introduced markers such as GFP [113,
123] or a fluorescent dye Dil [63] combined with
immunostaining for lymphatic-specific (e.g.,
LYVE-1) and myeloid-macrophage markers such
as CDI11b and F4/80. An alternative method
employed chimera mice reconstituted with the
BM from GFP-expressing mice [90, 109, 113]
which allows cell fate and lineage tracking of
BM-derived cells. Detection of ‘“green” lym-
phatic vessels that co-express LY VE-1 indicates
insertion of the GFP mRNA or protein into new
sprouts, which can occur only through physical
interaction with GFP-positive BM-derived cells.
This event was shown in multiple experimental
models including fibrosarcoma [90], Rip1Tag2
insulinoma [123], melanoma [63], MMTV-
PyMT breast [113], and TRAMPC-1 prostate
[123] cancers. LYVE-1* cells derived from trans-
planted GFP* BM-derived hematopoietic stem
cells were identified in intestinal tumors sponta-
neously developed in Apc (Min/+) mice [53].
BM-derived LYVE-1* cells co-expressing a stem
cell marker CD34 and a LEC marker VEGFR-3
were shown to integrate into peritumoral lym-
phatic vessels of mouse T241 fibrosarcoma [90].
CDI11b*/PDPN* tumor macrophages were
detected in melanoma-associated lymphatic ves-
sels [96]. In line with these reports, we found
widespread lymphatic integration of adoptively
transferred GFP* M-LECP differentiated in vitro
in a variety of syngeneic breast tumors EMT6
and MMTV-PyMT and xenografts of human
breast carcinoma lines MDA-MB-231 and ZR-75
[112, 113]. Integration of LECP and M-LECP
into tumor lymphatics in human cancers was
shown by demonstrating highly expressed
myeloid markers CD14 and CD68 [10, 112]. By
contrast, lymphatic vessels in corresponding nor-
mal organs express low-level or no myeloid
markers [112].

An example of complete M-LECP integration
into tumor-associated lymphatic vessels in trans-
genic mouse MMTV-PyMT model is shown in
Fig. 7.3. Confocal analysis showed that LY VE-1
and a macrophage marker F4/80 were co-
expressed in the entire thickness of the vessel
(Fig. 7.3, b1-b5 images). The same images show
co-expression of lymphatic junctional protein
VE-cadherin dispersed along the analyzed vessel
(Fig. 7.3b). Co-expression of all three markers in
the same vascular structure strongly favors
coalescence of M-LECP with preexisting LEC
rather than insertion of individual progenitors
into the vascular wall. We detected in average
50% and up to 90% of tumor lymphatic vessels
with myeloid-macrophage markers in both syn-
geneic and xenograft breast cancer models [112,
113]. Independent studies showed integration in
~60% of lymphatic vessels in LS174T colorectal
and SK-BR-2 breast tumors [108]. Similar
approaches detected LECP integration into
lymphatic vessels in multiple inflammatory mod-
els [71, 96] as well as human tissues undergoing
inflammatory lymphangiogenesis [60].

These observations are highly reminiscent of
integration of blood vascular endothelial progen-
itors into tumor blood vessels [44] indicating that
both blood vascular and lymphatic progenitors
might follow the same process during inflamma-
tory or tumor vascular formation. Further support
for this conclusion is shown in studies with
patients who received gender-mismatched BM
transfusion years before tumor development [80].
Intriguingly, analysis of blood vessels in their
cancers detected chromosomes from the opposite
sex identified by in situ hybridization using spe-
cific probes to X and Y chromosomes [80].
Detection of the entire chromosome in the nuclei
of tumor endothelial cells (EC) strongly suggests
transfer of the whole cellular content of progeni-
tors to existing EC rather than lineage infidelity,
transcriptional aberration, or random upregula-
tion of an isolated marker.

Another line of evidence that supports the
donation of the entire progenitors’ contents is
expression of protein tags experimentally intro-
duced in LECP. We showed in both inflammatory
[43] and tumor mouse models [113], as well as in



Fig. 7.3 Confocal microscopy analysis shows evidence for
M-LECP integration into tumor lymphatic vessels. MMTV-
PyMT tumors were triple-stained for LYVE-1 and (a)
CD11b and VEGFR-3 or (b) F4/80 and VE-cadherin.

human breast cancers [112], that endogenous
myeloid markers and ectopic GFP are dispersed
throughout lymphatic vessels after integration of
M-LECP. An independent study using a pancre-
atic RT2 tumor model showed a similar pattern of
GFP expression in tumor lymphatic vessels in
mice that received a transfer of BM-derived GFP*
cells [123]. Using confocal microscopy and
Z-stack analyses, the authors of this study distin-
guished among GFP* cells closely associated
with lymphatic vessels, GFP* macrophages trans-
migrating through the vascular wall, and those
truly integrated into the endothelial layer [123].
While all three events have been identified in
expanding vasculature, only full integration of
lymphatic progenitors into vessels can account
for the broad GFP expression pattern in recipient
lymphatic vessels [123] and longevity (>1 year)
of GFP expression in these structures [53]. Taken
together with the evidence described above, this

S.Ran and L. Volk-Draper

VEGFR-3

The region highlighted by a white box in b indicates the
area analyzed by confocal Z-stack represented below in
panels 1-5. Each image was captured 2 pm apart. All
images were acquired at 1000x magnification

suggests that pro-vascular progenitors might
promote sprouting by transferring their cellular
contents to the existing endothelium. Currently,
however, the mechanisms of vascular integration
of progenitors as well as the physiological impe-
tus driving this process remain unknown.

7.1.7 Role of M-LECP in Generation
of New Tumor Lymphatic
Vessels

Although many aspects of M-LECP-mediated
lymphangiogenesis are still poorly understood,
three main mechanisms have been proposed in
current literature. The most widely accepted
concept suggests that myeloid-lymphatic cells
promote lymphatic formation by virtue of over-
expression of lymphangiogenic factors VEGF-A
[108] and VEGF-C [32, 58, 61]. These factors
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stimulate, respectively, VEGFR-2 and VEGFR-3
expressed on LEC, and therefore their binding to
these receptors is expected to induce the forma-
tion of new vasculature [50, 68]. This concept is
supported by multiple lines of evidence from both
experimental models and clinical studies. For
instance, tumor M2-type macrophages [115, 117,
119] and myeloid cells with LEC markers [97]
were shown to express much higher levels of lym-
phangiogenic factors than CD11b-negative cells
[117]. Moreover, tumor expression of VEGF-A
and VEGF-C is known to correlate with tumor
LVD and lymphatic metastasis [8, 78, 98]. This
mechanism is also supported by studies demon-
strating suppression of tumor lymphangiogenesis
by anti-VEGF-A antibody [116] or agents target-
ing the VEGFR-3 pathway [14, 46, 47, 84].
Suppression of tumor lymphangiogenesis and
lymphatic metastasis by global elimination of
macrophages also favors this concept [117].

While this evidence is generally consistent
with the important role of TAM-produced para-
crine factors in vascular formation, this mecha-
nism does not effectively explain several findings,
particularly those emerging in the M-LECP field.
First, the majority of studies that supported a
paracrine effect of VEGF-C did not compare the
total amount of VEGF-C produced by TAMs
with the amount derived from tumor cells. A sin-
gle study that did compare the levels of VEGF-C
transcripts showed a substantially higher expres-
sion in malignant cells compared with macro-
phages from the same tumor [123]. As shown in
this study, for each 100 molecules of VEGF-C
transcript expressed by tumor cells, macrophages
produced only one to two molecules [123]. We
recently confirmed this observation in a human
breast cancer xenograft model, MDA-MB-231,
by comparing the exact number of mouse and
human VEGF-C transcript copies in the same
tumor samples. We found that for each molecule
of mouse VEGF-C produced by the entire tumor
stroma, nearly 1000 transcript copies were pro-
duced by human malignant cells [112]. Based on
the combined evidence from these two studies, it
appears that the minuscule contribution of stroma
including TAMs is unlikely to be significant for
induction of new lymphatic vessels.

Another argument for the TAM pro-
lymphangiogenic role mediated by paracrine fac-
tors is based on studies demonstrating inhibition
of tumor lymphatics by anti-VEGF-C or anti-
VEGFR-3 agents [47, 117]. However, the prob-
lem with this argument is that systemic inhibition
of VEGFR-3 does not distinguish between local
effects inhibiting VEGFR-3 on sprouting vessels
and suppression of M-LECP generation in the
BM that heavily relies on this pathway [43, 88].
Targeting macrophages in general also does not
provide a clear mechanism since such treatment
does not discriminate between elimination of
soluble factors produced by M-LECP and alter-
native mechanisms relying on cell-cell interac-
tions. Additional problem to explain the M-LECP
role in lymphangiogenesis based only on produc-
tion of soluble factors is the acquisition of the
lymphatic phenotype by differentiated M-LECP
[43, 113]. Arguably, VEGF-C transcription that
can be induced in fibroblasts, epithelial cells, and
other cell types requires no coincident expression
of LEC-specific proteins in the producing cells. It
is therefore unclear why M-LECP should express
LYVE-1 and many other LEC markers if their
sole function is to produce VEGF-C. Lastly, this
mechanism does not address integration of
M-LECP into preexisting LEC, an event that
defies a logical explanation if the induction of
lymphatics depends only on the paracrine sup-
port. This collective evidence argues that a cell-
autonomous role of M-LECP might be more
important for induction of lymphatic sprouting
than their contribution to lymphangiogenic fac-
tors, particularly in the context of cancers secret-
ing voluminous amounts of such proteins.

Another suggested mechanism of M-LECP-
dependent lymphatic expansion is lympho-
vasculogenesis, a process similar to generation of
primitive lymphatic vasculature during embry-
onic development. Embryonic vascular forma-
tion is fundamentally different from that in the
adults by virtue of the absence of preexisting ves-
sels. Vasculogenesis is common during embryo-
genesis but extremely rare in adulthood. However,
two independent studies in cornea injury models
showed de novo lymphatic vessels arisen within
the avascular limbus stroma at a considerable
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distance from preexisting lymphatic vessels [71,
110]. Moreover, the new vessels expressed GFP
that could be derived only from GFP* BM cells
transplanted prior to injury [71]. The same study
showed that isolated BM-derived CD11b* cells
created LYVE-1*/PDPN* tubes in vitro [71],
demonstrating their ability to replicate lympho-
vascular morphology. Similar but rare instances
of lympho-vasculogenesis were also observed in
a model of peritonitis induced by a TLR4 ligand,
LPS [43], and in MDA-MB-231 tumors activated
by another TLR4 ligand, a chemotherapeutic
drug paclitaxel [111]. The latter observation is
potentially significant from a clinical perspective
because paclitaxel was able to induce vessels in
the center of the tumor normally devoid of lym-
phatics [111]. Intratumoral lymphatics are highly
efficient in mediating metastasis due to proximity
to tumor cells [5]. The enhanced LN metastatic
burden was, indeed, demonstrated in paclitaxel-
treated tumor-bearing mice [111]. Whether
lympho-vasculogenesis commonly occurs in
clinical cancers is currently unknown.

The third proposed mechanism for M-LECP
induction of tumor lymphangiogenesis involves
integration of M-LECP into preexisting lym-
phatic vessels observed during both inflamma-
tory [64] and tumor lymphatic formation [90,
108, 113, 123]. This event was previously
described as “incorporation” [53, 90, 109], “inte-
gration” [16, 63, 123], or “insertion” [10] of
myeloid-lymphatic cells into tumor vasculature.
However, a more accurate description might be
“fusion.” This is because histological and immu-
nohistochemical analyses of tumors in vivo show
a complete overlap between myeloid and lym-
phatic markers in vessels rather than insertion of
individual myeloid cells between two adjacent
LEC. Several additional lines of evidence also
support the theory of M-LECP fusion with LEC.
Confocal microscopy analyses showed that
myeloid markers derived from M-LECP are
detected throughout the length and depth of the
lymphatic vascular structures and are not
restricted to “inserted” myeloid cells (Fig. 7.3).
Chimera mice reconstituted with GFP* BM gen-
erated “green” LV in which GFP was evenly

distributed through the entire thickness of the
vessels identified by LYVE-1 and VE-cadherin
markers [112]. Independent studies showed
coalescence of lymphatic progenitors with LEC
during inflammatory lymphangiogenesis by
detecting Y chromosome in lymphatic vessels in
female patients undergoing rejection of gender-
mismatched kidney transplants [60]. This is rem-
iniscent of detection of XX and Y chromosomes
in the nuclei of tumor (but not normal) blood vas-
cular endothelial cells (BEC) in patients who
received gender-mismatched BM transplants
years before tumor development [44]. Clearly,
the long-term presence of one or more chromo-
somes in remodeled vasculature indicates not
just cell-cell interaction but donation of the
entire genomic material, which is difficult to
explain by any other mechanism but fusion. In
support of this concept, we recently demon-
strated that conditions mimicking TME promote
fusion of GFP* mouse macrophage line co-cul-
tured with red fluorescent protein (RFP)-tagged
LEC [112]. Fusion was detected by both color
overlap (i.e., presence of yellow cells) and
shared nuclei [112]. An example of fusion of
LEC and inflamed macrophages induced by
TME-mimicking conditions in vitro is shown in
Fig. 7.4. This assay also detected a substantially
increased nuclear multiplication in the fused
cells, suggesting that transfer of the M-LECP
genomic material to LEC might be necessary
for cell division, a key prerequisite for genera-
tion of new sprouts.

It should be noted that stem and progenitor
cells routinely use fusion for direct transfer of
biological material to cells requiring recovery or
functional reprogramming [3]. This is particu-
larly noted under injury [29], tumor [83], and
inflammatory conditions [54] reminiscent of
TME. Fusion and other means of transferring cel-
lular contents are the common mechanisms of
stem/progenitor cells recruited to damaged and
injured sites that have been programmed to
restore the lost components of these tissues [37,
101]. Conceptually, tumor M-LECP are similar
to other progenitors attempting to restore func-
tions of the wounded organs. Fusion used by
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Fig. 7.4 Fusion is a possible mechanism of M-LECP
integration into tumor lymphatics. Rat lymphatic endo-
thelial cells expressing RFP (RLEC-RFP) and macro-
phage cell line RAW264.7 expressing GFP (RAW-GFP)
were co-cultured for 4-6 days in serum-free medium
containing 3 nM of LPS. (a) RAW-GFP migrated to
RLEC-RFP displayed intimate cell-cell interactions.

other BM progenitors is the most effective way to
provide injured cells in peripheral organs with
the survival factors, promitotic signals, and
nuclear transcription factors needed to direct
structural expansion and to enforce reprogram-
ming. Fusion asserts the breadth, the speed, and
the exquisite specificity of delivered factors to the
target cells. Such assertion cannot be matched by
diffusion of paracrine soluble factors limited
in vivo only to a few hundred microns by ana-
tomic barriers. This is particularly relevant to
generation of new adult vasculature known for
resistance to endothelial cell division under nor-
mal circumstances. It is well established that
major expansion of either blood or lymphatic
vasculature during adulthood is strictly reserved
to drastic and unresolved changes in homeostasis
such as chronic inflammatory diseases and can-
cer. It is therefore tempting to suggest that while
soluble paracrine TAM-derived factors can aid in
new vessel formation, the key mechanism forcing
the adult endothelium to undergo highly complex
changes required for sprouting must be induced
by more drastic cell-transforming mechanism
such as fusion. Only fusion can directly deliver
genome-remodeling regulatory proteins imposing

(b) After 2448 hours, many cells underwent fusion indi-
cated by yellow color and multi-nucleation highlighted
by white arrowheads. Homogenous color throughout
fused cells indicates complete donation of the RAW-GFP
cell contains to RFP-tagged lymphatic endothelial cells.
All images were acquired at 600x magnification

a fundamentally new behavior on the needed
cells. If this theory is proven to be correct in
future studies, this might explain how a relatively
small number of BM progenitors can produce an
extensive network of new vessels.

In summary, currently proposed mechanisms
of  progenitor-mediated  lymphangiogenesis
include the following:

1. Production of soluble pro-lymphatic factors
directly acting on existing endothelium

2. Embryonic-like lympho-vasculogenesis that
does not require preexisting vessels

3. Full donation of the progenitors’ contents to
LEC mediated by fusion or other means of
protein and gene transfer

The latter is suggested to enable the existing
LEC to undergo complex processes required for
sprouting that are typically prohibited under nor-
mal or transient inflammatory conditions to pre-
vent promiscuous vessel formation. A better
understanding of the proportional contribution of
these mechanisms to, and their collective impact
on, the formation of tumor lymphatics is likely to
emerge in future studies.
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7.2  Future Directions

The M-LECP field is now entering an exciting
new phase. In the past decade, inflammation-
dependent induction of M-LECP in humans and
mice was firmly established. Myeloid-lymphatic
progenitors have been shown to mobilize from
the bone marrow to sites of inflammation where
they significantly contribute to structural expan-
sion and function of new lymphatics, in part, by
integration into preexisting vasculature. In the
absence of preexisting lymphatics, M-LECP
undergo an embryonic-like lympho-
vasculogenesis. Throughout these processes,
M-LECP retain their myeloid and stem-like
identities while adding LEC features without
becoming mature endothelial cells. Five out-
standing questions that need to be addressed in
future studies are as follows:

1. What are the differentiation mechanisms in
the BM diverting the myeloid-macrophage
precursors toward acquisition of the lymphatic
phenotype?

2. Which chemokines are responsible for
M-LECP mobilization to the blood, to tumor
recruitment, and specifically toward tumor
lymphatic vessels?

3. What mechanisms regulate de novo forma-
tion of lymphatics via adult
lympho-vasculogenesis?

4. What mechanisms control M-LECP integra-
tion into the vasculature? What is the nature of
this event? What happens after integration?

5. What are the differences and similarities
between LECP generated in the BM and those
produced by peripheral tissues?

Regarding the first question, the current evi-
dence suggests that M-LECP differentiation
requires continuous presence of inflammatory
cytokines that promote generation of the macro-
phage lineage (e.g., CSF1) as well as potent
immunomodulators such as TLR4 ligands.
However, identification of the specific transcrip-
tion factors that control myeloid-lymphatic tran-
sition still awaits future studies. With regard to
the second question, the screening of individual

chemokines needs to be conducted to determine
whether M-LECP take advantage of classic traf-
ficking pathways of inflammatory monocytes or
express their own receptors to direct migration to
inflamed tissues. Analysis of the third question
will require side-by-side comparison of specific
transcription factors and cellular events as well as
interaction with the cells in the local environment
during embryonic and adult lymphatic formation.

The fourth question is arguably the most
intriguing of all because of the paucity of current
evidence illuminating the mechanisms of vascu-
lar integration of either blood or lymphatic pro-
genitors and the lack of any information regarding
the molecular consequences of this event. The
physiological impetus for M-LECP to undergo
such a process also remains undefined. The only
direct clue to this question is the recent evidence
suggesting that integration indicated by co-
localization of myeloid and lymphatic markers in
new vessels might reflect fusion of M-LECP with
preexisting LEC [112]. Future studies will need
to validate this hypothesis, and if confirmed,
tease out specific steps and molecular regulation
of this process.

Lastly, future research will need to compare the
molecular profiles and mechanisms of differentia-
tion of LECP that originate from other sources than
hematopoietic stem cells or myeloid precursors.
Such studies should provide critical information
for understanding the diversity of M-LECP popula-
tion and the role of local tissue sources for lym-
phatic regeneration and remodeling.

In summary, future studies of M-LECP-
dependent promotion of lymphatics are expected
not only to clarify the mechanisms of tumor lym-
phangiogenesis and associated metastasis but
also to illuminate the consequences of chronic
inflammation associated with many human disor-
ders. Such studies should also advance the under-
standing of the fundamental mechanisms of
tissue regeneration during adulthood.
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