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Abstract

Lymphangiogenesis is induced by local pro-lymphatic growth factors and bone marrow

(BM)-derived myeloid-lymphatic endothelial cell progenitors (M-LECP). We previously

showed that M-LECP play a significant role in lymphangiogenesis and lymph node metasta-

sis in clinical breast cancer (BC) and experimental BC models. We also showed that differ-

entiation of mouse and human M-LECP can be induced through sequential activation of

colony stimulating factor-1 (CSF-1) and Toll-like receptor-4 (TLR4) pathways. This treat-

ment activates the autocrine interleukin-10 (IL-10) pathway that, in turn, induces myeloid

immunosuppressive M2 phenotype along with lymphatic-specific proteins. Because IL-10 is

implicated in differentiation of numerous lineages, we sought to determine whether this

pathway specifically promotes the lymphatic phenotype or multipotent progenitors that can

give rise to M-LECP among other lineages. Analyses of BM cells activated either by CSF-1/

TLR4 ligands in vitro or orthotopic breast tumors in vivo showed expansion of stem/progeni-

tor population and coincident upregulation of markers for at least four lineages including M2-

macrophage, lymphatic endothelial, erythroid, and T-cells. Induction of cell plasticity and

multipotency was IL-10 dependent as indicated by significant reduction of stem cell markers

and those for multiple lineages in differentiated cells treated with anti-IL-10 receptor (IL-

10R) antibody or derived from IL-10R knockout mice. However, multipotent CD11b+/Lyve-

1+/Ter-119+/CD3e+ progenitors detected in BM appeared to split into a predominant mye-

loid-lymphatic fraction and minor subsets expressing erythroid and T-cell markers upon

establishing tumor residence. Each sub-population was detected at a distinct intratumoral

site. This study provides direct evidence for differences in maturation status between the

BM progenitors and those reaching tumor destination. The study results suggest preferential

tumor bias towards expansion of myeloid-lymphatic cells while underscoring the role of IL-

10 in early BM production of multipotent progenitors that give rise to both hematopoietic and

endothelial lineages.
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Introduction

The lymphatic system plays vital roles in metabolism, homeostasis, and immunity. The main

functions of the lymphatic system are absorption of interstitial fluid and proteins, transport of

immune cells as well as regulation of inflammatory and immune responses [1, 2]. Functional

insufficiency of the lymphatic system is the underlying cause of primary and secondary lymph-

edema [2] whereas excessive formation of tumor lymphatic vessels promotes metastasis [3, 4].

Increase in lymphatic vessel density (LVD) at chronically inflamed sites also has significant

implications for regulation of metabolic and immune disorders [5]. Previously published stud-

ies presented substantial evidence for critical effects of expansion of the lymphatic vasculature

on outcomes of chronic inflammatory diseases and cancers. Advancing mechanistic under-

standing of the formation of new lymphatic vessels (i.e., lymphangiogenesis) can promote

development of corrective treatments for patients with major human diseases who currently

have limited therapeutic options.

Lymphangiogenesis is thought to be induced by soluble lymphatic-promoting factors, bone

marrow (BM)-derived lymphatic progenitors, or a combination of both. The canonical mecha-

nism suggests that lymphangiogenesis is driven primarily by binding vascular endothelial

growth factor-C (VEGF-C) or similar factor VEGF-D to their receptor VEGFR-3 on lymphatic

endothelial cells (LEC) [6, 7]. Indeed, VEGFR-3 activation is known to increase division,

migration, and tube formation of LEC in vitro and the formation of new lymphatic sprouts in
vivo [6–8]. However, it has also been proposed that lymphatic sprouting is mediated by BM-

derived myeloid-lymphatic endothelial cell progenitors (M-LECP) whose differentiation relies,

in part, on VEGFR-3 signaling [9]. This mechanism is supported by multiple lines of evidence.

M-LECP, identified by their unique profile of stem-myeloid-lymphatic markers, have been

detected in multiple inflammatory and tumor models including gastric [10], colorectal [11],

breast [12] and other tissue-specific cancers [13]. Blood circulating and tumor-recruited

M-LECP have been detected in human patients with breast and lung malignancies [14–16].

The levels of mouse and human M-LECP strongly correlate with increased tumor LVD and

lymphatic metastasis [12, 16]. Lymphatic progenitors can promote vessel formation through

several mechanisms including increased production of VEGF-C [14] and other lymphangio-

genic factors [17], integration into tumor lymphatic vessels [18–20] and donation of their

intracellular contents to tumor LEC [13]. Although the precise mechanisms underlying

M-LECP dependent lymphangiogenesis are still under debate, significant correlations of their

blood and tumor levels with LVD and node metastasis in human cancer patients [14–16] pro-

vide a strong impetus to characterize their BM origin, differentiation, and lineage fate upon

recruitment to tumors.

Our prior analysis of surface markers of M-LECP in clinical breast cancer (BC) showed that

they share characteristics of tumor-associated macrophages (TAMs) of the immunosuppres-

sive M2-type [16] that typically dominate immune infiltrates in human cancers [21]. Polariza-

tion to M2 macrophages is regulated by Th2 cytokines IL-10 [22], IL-4 [23] and IL-13 [24].

We recently established that exogenous addition of any of the Th2 factors promotes M-LECP

differentiation, but only IL-10 and IL-10 receptor (IL-10R) are co-expressed during this pro-

cess [25]. Receptors for IL-4 and IL-13 were upregulated to the same level as IL-10R but unlike

IL-10, BM cells expressed no corresponding ligands [25]. While IL-10 alone could be responsi-

ble for both M2 and lymphatic phenotypes of tumor M-LECP [16], it raised the question of

specificity of its effect as this pathway is also involved in determining the fate of many other

lineages [26–28].

In addition to advancing differentiation of both blood vascular [29, 30] and lymphatic

endothelial cell precursors [25], IL-10 promotes generation of at least nine other cell lineages
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including monocytes [27, 31], M2 macrophages [32], B-cells [28, 33], T-cells [34], osteoblasts

[35, 36], chondrocytes [37, 38], adipocytes [39], intestinal epithelial cells [40], and oligoden-

drocytes [41]. This effect of IL-10 has been shown in human and mouse immature precursors

[36, 38] that were isolated, respectively, from blood of patients with inflammatory disorders

[36, 42, 43] and mouse BM [26]. The impact of IL-10 pathway on multiple lineages might be

due, in part, to its pro-survival and pro-mitotic effects on multipotent hematopoietic [26] and

mesenchymal stem cells (MSC) [44] located at the apex of their respective hierarchical trees.

Hematopoietic stem cells (HSC) from IL-10 knockout (KO) mice failed to reconstitute lethally

irradiated wild-type (WT) mice demonstrating IL-10 dependency of downstream generation

of immune/endothelial lineages necessary for homeostasis and regeneration [26]. Consistently,

over-expression of IL-10 in mouse injury models significantly increased engraftment of MSC

that facilitate tissue repair [44]. The plurality of IL-10 effects on cell differentiation suggested

its control of the top elements of the developmental hierarchy rather than promotion of spe-

cific lineages. This concept led us to hypothesize that BM-derived IL-10 confers the multipo-

tent potential to early myeloid precursors that might undergo subsequent pro-lymphatic

specialization after release from the BM in tumors or other extramedullar site.

To test this hypothesis, we quantified expression of stemness indicators as well as hemato-

poietic and endothelial markers in BM-derived M-LECP differentiated in vitro [12] or induced

in BM by orthotopic breast tumors in vivo. We found that exposure of CSF-1 primed BM cells

to IL-10 led to generation of M2-polarized multipotent progenitors identified by co-expression

of specific markers for stem cells as well as myeloid, lympho-endothelial, T-cell lymphoid, and

erythroid lineages. In contrast, M-LECP residing in established human or mouse breast

tumors in vivo lacked T-cell and erythroid markers while retaining the myeloid-lymphatic

phenotype. Consistently, subsets expressing T-cell and erythroid markers lost a lymphatic

marker Lyve-1 and were physically segregated from M-LECP by migrating to independent

tumor locales. These novel findings suggest that IL-10 in the BM drives generation of imma-

ture regenerative cells with diverse lineage potential but tumor-residing progenitors have

advanced maturity acquired either at an extramedullar site or in response to tumor-specific

cues. This further suggests that tumor microenvironment (TME) can influence cell composi-

tion and the terminal lineage fate of recruited progenitors.

Materials and methods

Materials

Dulbecco’s low glucose modified Eagle’s medium (DMEM) without phenol red, standard

medium supplements, TrypLE, human plasma fibronectin, and Dulbecco’s phosphate buffered

saline (DPBS), Image-iT FX signal enhancer, Hoechst stain, and Prolong Gold medium were

purchased from Thermo Scientific (Rockford, IL). Fetal bovine serum (FBS) was purchased

from Biowest USA (Bradenton, FL). Mouse gamma globulins and LPS from E. coli 055:B5

were obtained from Millipore Sigma (St. Louis, MO). Paraformaldehyde was from Electron

Microscopy Sciences (Hatfield, PA). CSF-1 was from BioLegend (San Diego, CA, cat#576406).

Animal ethics statement

Animal experiments were conducted in accordance with recommendations cited in the Guide

for the Care and Use of Laboratory Animals of the National Institute of Health. Protocols

#187-13-021 and #187-20-004 were approved by the Laboratory Animal Care and Use Com-

mittee of Southern Illinois University School of Medicine. All considerations were taken to

minimize pain and distress. In this study, 50 mice were used for experiments that lasted no

longer than 6 weeks. All mice were euthanized at planned experimental endpoints.
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Antibodies

All antibodies used for flow cytometry and immunofluorescence are listed in S1 Table. Rat

anti-mouse monoclonal blocking IL-10R antibody (cat# BE0050) and isotype-matched control

rat IgG of irrelevant specificity (cat#BE0290) were purchased from BioXcell (Lebanon, NH).

Isolation and differentiation of BM cells from wild-type (WT) and IL-10R

knockout (KO) mice

BM cells isolated from female C57BL/6J (WT) and B6.129S2-IL10rbtm/AgtJ (IL10R-KO) mice

(Jackson Labs, Bar Harbor, ME) were used in an in vitro differentiation assay. Mice were placed

in a bell jar with isoflurane and euthanized by inhalation overdose. One minute after the final

respiration, a cervical dislocation was performed and long bones removed. BM cells obtained

from long bones were crushed using a mortar and pestle in 10 mL of DPBS containing 0.5% BSA

and 2 mM EDTA. Cell suspension was passed through a 70-μm strainer and pelleted at 1,000

rpm for 10 minutes. Standard growth medium was DMEM containing 10% FBS and standard

growth supplements. Cells were seeded at the density of 10x106 cells in 10 mL of growth medium

containing 10 ng/mL of CSF-1 on 10-cm-diameter dishes precoated with 10 μg/mL of fibronec-

tin. After three days, medium and nonadherent cells were removed. The remaining attached

cells were washed three times with DPBS, and stimulated with of CSF-1 (10 ng/mL) and LPS (3

nM) in the presence of 5 μg/mL isotype control or anti-IL-10R IgG for three additional days.

GFP-tagged M-LECP were produced using an identical protocol from BM cells of C57BL6-Tg

(UBC-GFP)30SchaJ mice (Jackson Labs) that have ubiquitous GFP expression under transcrip-

tional control of the Ubiquitin C promoter. On day 6, cells were analyzed by flow cytometry or

RT-qPCR using antibodies and primers listed in S1 and S2 Tables, respectively.

Flow cytometry analysis of single and multicolor staining

Flow cytometry was performed using 2x105 cells per sample. Fc receptor was blocked by a

10-minute incubation on ice with 10 μg/mL of mouse gamma globulins. Blocked cells were

incubated with 5 μg/mL of primary antibodies for one hour on ice, washed with ice-cold F-

buffer (2% BSA and 0.2% of sodium azide in DPBS), and incubated with 1 μg/mL of 488-con-

jugated secondary antibody for one hour on ice followed by washing with F-buffer. For multi-

color analyses, cells with blocked Fc receptors were co-stained with primary antibodies against

markers of lymphatic (Lyve-1, Pdpn), myeloid (CD11b, TLR4) or hematopoietic lineages.

After a 1-hour incubation on ice and washing, cells were incubated with appropriate 488-, or

647-conjugated secondary antibodies. After a 30-minute incubation on ice, cells were fixed for

10 minutes with 1% paraformaldehyde, washed, and resuspended in 250 μL of F-buffer. Tar-

gets were detected using an Accuri™ C6 and FACS ARIA II flow cytometer (BD Accuri Cyt-

ometers, San Jose, CA) for single and double staining, respectively. Data analyzed by FlowJo

software (Tree Star, OR) are presented as histograms or dot plots. The gating for all primary

antibodies was determined based on negative staining established by an appropriate secondary

antibody alone. In some cases, myeloid CD11b or TLR4 positive cells were gated from the total

population and percentage of cells with co-expression of lymphatic or other markers deter-

mined in duplicate for each sample. Results are presented as the mean percentage of positive

cells ± S.D. All experiments were reproduced at least twice.

RT-qPCR analysis

RNA was extracted using RNAeasy columns (Qiagen, Caldwell, NJ) and reverse transcribed

with SuperScript VILO cDNA synthesis kit (Thermo Fisher). Primers were designed based on
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published coding sequences (CDS) of mouse targets found in NCBI database. All primer

sequences are listed in S2 Table. RT-qPCR was performed using GoTaq Green Master Mix

(Promega, Madison, WI) and MasterCycle Realplex PCR machine (Eppendorf, Hamburg,

Germany). Data were normalized to β-actin and are presented as fold-change in target expres-

sion in WT ex-vivo cells compared to LPS differentiated cells, WT cells differentiated in the

presence of anti-IL-10R antibody relative to control IgG, or in differentiated WT cells relative

to identically treated BM cells from IL-10R knockout mice.

Culture of human and mouse breast carcinoma cell lines

Human breast carcinoma ZR-75 and mouse EMT6 cell lines were obtained from ATCC

(Manassas, VA). Cell lines were cultured in DMEM containing 5% FBS, and standard supple-

ments at 37˚C in 10% CO2. Cells were passaged biweekly by incubating for five minutes at

37˚C in 0.5mM of EDTA in DPBS followed by TrypLE. Cells were routinely tested for myco-

plasma by e-Myco Mycoplasma PCR Detection Kit (Bulldog Bio, Portsmouth, NH). ZR-75

line was authenticated by ATCC and EMT6 line was screened by Impact III testing through

RADIL (Columbia, MO) for mouse pathogens and determined to be negative.

Tumor induction of xenograft and syngeneic orthotopic BC models

Orthotopic implantation and growth pattern of ZR-75 (human) and EMT6 (mouse) breast

carcinoma cell lines in SCID and BALB/c mice, respectively, were described previously [12].

Briefly, 5 to 6-week-old CB-17/SCID or BALB/C mice (Taconic, Hudson, NY) were anesthe-

tized with isoflurane followed by the mammary fat pad (MFP) implantation of 4x106 of ZR-75

or 1x106 of EMT6 cells suspended in 50% Matrigel. Every 2–3 days, perpendicular tumor

diameters were measured by digital calipers and used to calculate tumor volume according to

the formula: volume = Dd2π/6, where D and d equal to larger and smaller diameters, respec-

tively. Animal health and behavior was monitored 2–3 times per week along with monitoring

the endpoint criteria such as becoming non-responsive to stimuli, hypothermic, losing more

than 20% of the initial body weight, distorted posture, respiratory distress, tumor ulceration,

or a tumor volume exceeding 1.8 cm3. Any mice that would meet such criteria would be eutha-

nized within 24 hours. Mice that met planned experimental endpoints were placed in a bell jar

with isoflurane and euthanized by inhalation overdose. One minute after final respiration,

mice were perfused and tissues collected for analyses.

Analyses of exogenous and endogenous M-LECP in ZR-75 and EMT6

tumors in vivo
Analyses of tumor-residing M-LECP for co-expression of hematopoietic markers were per-

formed using both in vitro and in vivo produced progenitors. To monitor recruitment and

marker profile of exogenous M-LECP, BM cells from GFP-expressing mice were differentiated

using the CSF-1/LPS protocol followed by intravenous injection of 1.5x106 cells into mice with

established ZR-75 tumors (~500 mm3). The M-LECP signature profile (Sca-1+/CD11b+/Lyve-

1+/Pdpn+/Ter-119+/CD3e+) was validated for differentiated GFP+ cells by flow cytometry

immediately before adoptive transfer. Tumors were harvested upon reaching 1,800 mm3 and

analyzed for the presence of Lyve-1+ cells that either co-expressed or lacked GFP, a method

that allowed their classification as exogenous or endogenous progenitors, respectively. Tumor-

induced endogenous M-LECP were also analyzed in the mouse syngeneic EMT6 tumors col-

lected on the day 2, 4, 7 and 10 post-implantation (N = 4 per timepoint). Snap-frozen tumors

were sectioned and stained with various antibodies to determine recruitment of Lyve-1+ cells

with and without GFP that co-expressed CD11b, Ter-119 or CD3e markers.
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Immunohistochemistry (IHC) and immunofluorescence

Acetone-fixed 8-μm thick frozen tumor sections were rehydrated in PBS with 0.1% Tween-20

(PBST) before a 30-minute incubation with Image-iT FX signal enhancer at room tempera-

ture. Primary antibodies diluted 1:100 in PBST containing 0.2% BSA (IHC buffer) were incu-

bated with sections overnight at 4˚C. Slides were washed for 10 minutes in PBST. Secondary

antibodies diluted 1:100 in IHC buffer were incubated at 37˚C for 1 hour. Slides were washed

and incubated for 5 minutes at room temperature with 2 μg/mL of Hoechst dye. Slides were

fixed with 1% paraformaldehyde, washed in PBST for 10 minutes, and mounted in Prolong

Gold medium. Images were acquired using a Zeiss LSM800 confocal microscope equipped

with high-resolution Airyscan and analyzed using Zen Blue 2.6 software (Carl Zeiss GbmH,

Jena, Germany).

Quantification of tumor-recruited Lyve-1+ cells co-expressing lineage-

specific markers

ZR-75 and EMT6 tumor sections (N = 4–5 per model) were co-stained with antibodies against

Lyve-1 and CD11b, CD3e or Ter-119. Exogenous M-LECP were detected by triple staining

with the above antibodies and GFP. A minimum of 100 Lyve-1+ cells with or without GFP

were quantified for co-localization with each of the lineage markers. These data are presented

as the mean percent of Lyve-1+/GFP-negative or Lyve-1+/GFP-positive cells co-expressing

lineage-specific markers ± S.D.

Statistical analysis

Statistical significance of differences among groups was determined by Student’s t-test using

GraphPad Prism6 software. A P-value�0.05 was considered significant.

Results

CSF-1/TLR4 induced differentiation promotes myeloid-endothelial

progenitors with predominant lymphatic phenotype

We previously showed that human monocytes and mouse BM cells activated by CSF-1 and

TLR4 ligands co-regulate expression of myeloid and lymphatic proteins including Lyve-1 and

podoplanin (Pdpn) [9, 12]. We termed this subset myeloid-lymphatic progenitors (M-LECP)

because these BM-derived cells have been shown to be recruited to tumors and other remodeling

sites and significantly contribute to lymphatic vascular sprouting in vivo [12, 13, 16]. This evi-

dence suggests a significant role of M-LECP in promoting tumor lymphatics and metastasis but

their properties and differentiation mechanisms remained poorly defined. Here, we expanded

characterization of marker profile of M-LECP produced in vitro and in BM in vivo, and identi-

fied IL-10 as one of the regulators of their differentiation as well as several other lineages.

Fig 1A illustrates our differentiation protocol that consists of CSF-1 priming followed by

TLR4 activation applied to naïve BM cells from healthy mice. As previously shown in human

monocytes [12], this protocol is a strong promoter of pro-lymphatic differentiation as indi-

cated by analysis on day 6 of differentiation that shows >85% of cells expressing LEC markers

collectin-12 (Colec12), integrin-alpha9 (Itga9), Lyve-1, and Pdpn as compared with<10% in

freshly-isolated ex-vivo cells (P-values <0.001; Fig 1B and 1C). Compared with ex-vivo cells,

the mean fluorescent intensity (MFI) was elevated for differentiated cells with statistically sig-

nificant differences for all examined LEC markers except Colec12 (Fig 1D). Upregulation of

LEC proteins coincided with increased pan-vascular markers Vegfr-1 and CD105 expressed by

both lymphatic and blood vascular endothelial cell (BEC) progenitors (Fig 1E and 1F). In
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Fig 1. CSF-1/TLR4 induced differentiation promotes endothelial progenitors with predominant lymphatic

phenotype. (A) Schematic of the protocol used to differentiate BM cells by sequential activation of CSF-1 and TLR4

pathways. (B) Representative histograms demonstrating expression of lymphatic specific targets Vegfr-3, Colec12,

Itga9, Lyve-1, and Pdpn in freshly-isolated BM cells (upper panel, Ex-vivo, blue line) and cells differentiated with CSF-

1 and LPS (lower panel, red line). Numbers pointing to blue and red lines indicate the percentage of marker-positive
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contrast, the proportion of cells expressing BEC-specific markers podocalyxin (Podxl), CD31,

neuropilin-1 (Nrp-1), CD146, Meca-32, and Vegfr-2 remained below the 20% (Fig 1E, right

panel) and MFI for nearly all BEC-specific markers was unchanged or decreased in differenti-

ated cells compared with ex-vivo (Fig 1F and 1G). These data suggest that the CSF-1/LPS pro-

tocol induces myeloid-endothelial progenitors with predominant lymphatic phenotype.

Pro-lymphatic differentiation coincides with IL-10-dependent shift to

M2-biased monocytic progenitors

We previously showed that M-LECP recruited to clinical BC are part of M2-type TAM population

[16] known to be induced by immunosuppressive Th2 cytokines IL-4, IL-13 or IL-10 [45–47]. We

also showed that IL-10 and its receptor IL-10R are co-regulated by CSF-1/LPS treatment, which

created an autocrine loop and promoted expression of lymphatic markers [25]. This led to the

hypothesis that promotion of pro-lymphatic differentiation and acquisition of the M2 phenotype

are both regulated by IL-10 pathway activated in CSF-1/LPS treated myeloid precursors.

To test this hypothesis, we compared CSF-1/LPS induction of LEC and M2 markers in con-

trol BM cells and those with blocked IL-10 pathway or lacking IL-10R. Differentiation by CSF-

1/LPS caused strong upregulation of CD163, CD204, CD206, CD209, and PD-L1 in 84%-96%

of BM cells as compared with 5–10% positive cells in naïve population (Fig 2A–2C). Pan-mac-

rophage identifiers such as TLR4, CD18, and CD11b also increased from ~40% in naïve cells to

90–95% in differentiated cells (Fig 2B). In contrast, the MFI and the percentage of positive cells

for MHC class II antigen associated with stimulatory M1 phenotype were decreased upon dif-

ferentiation. Bias to monocytic versus granulocytic development was indicated by high expres-

sion of Ly6C in up to 95% of the cells as opposed to a minor Ly6G+ fraction (Fig 2B). These

changes were IL-10 dependent as exemplified by 89–94% decrease in expression of an M2

marker CD204 in cells treated with anti-IL-10R antibody or derived from IL-10R knockout

(KO) mice (Fig 2D). The flow cytometry data were consistent with transcriptional shifts

detected by qPCR (Fig 2E–2H). The latter analyses showed that blocking or deleting IL-10R

during CSF-1/LPS induced differentiation significantly increased M1 and downregulated M2

markers (Fig 2E–2H). Mediators of the M2 bias such as transcription factors c-Maf [48], MafB

[48], NFKB1 [49], Stat3 [50], and Stat6 [51] were all downregulated in the absence of functional

IL-10 pathway compared with control cells (Fig 2F). This corresponded to substantial 60–90%

declines in all Th2 regulators (Fig 2G) ultimately leading to suppression of the M2 phenotype.

Collectively, these data show that CSF-1/LPS differentiation of myeloid-lymphatic progenitors

is closely associated with acquisition of M2 immunosuppressive phenotype, and that both lym-

phatic [25] and myeloid (Fig 2) developments are regulated by the IL-10 pathway.

Myeloid-lymphatic progenitors induced by CSF-1/TLR4 activation retain

and increase expression of stem/progenitor cell markers

A widely held view is that maturation of precursors towards specific lineages is associated with

downregulation of stem/progenitor cell markers [52, 53]. We tested this concept by analyzing

expression of specific markers for stem and early progenitor cells in CSF-1/LPS treated mouse

cells. Secondary controls are shown by the grey area outlined by black line in each panel. (C) The mean percentage of

positive cells and (D) MFI (x103) of BM cells expressing LEC markers. (E) Representative histograms demonstrating

the percentage of Ex-vivo (blue line) and differentiated (red line) cells positive for blood vascular endothelial markers

Vegfr-1, CD105, and Vegfr-2. Secondary controls are shown by the grey area outlined by black line in each panel. (F)

The mean percentage of positive cells and (G) MFI (x103) of various endothelial markers in ex-vivo and differentiated

cells. Black bars indicate statistical significance determined by Student’s t-test with P-values shown by *<0.05,

**<0.01, and ***<0.001. All experiments were performed in duplicate and reproduced three times.

https://doi.org/10.1371/journal.pone.0298465.g001
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Fig 2. Pro-lymphatic differentiation coincides with IL-10 dependent shift to M2 phenotype. (A) Representative

histograms demonstrating expression of M2-specific myeloid markers CD163, CD209, and PD-L1 in freshly-isolated

BM cells (Ex-vivo, blue line) and differentiated cells (CSF-1 + LPS, red line). Numbers in black font indicate the

percentage of cells expressing an M2-specific marker. (B) The mean percentage of positive cells and (C) MFI (x103) of

M2 marker expression in ex-vivo and differentiated cells. (D) Histograms demonstrating the expression of CD204 in
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BM cells. In contrast to an anticipated decrease of stem markers, we detected higher expression

of all six examined targets in differentiated compared with ex-vivo cells. This is indicated by

changes in both the percentage of positive cells and MFI (P-values <0.01 to 0.001; Fig 3). Cells

with expression of markers signifying self-renewal and undifferentiated status such as

p67-pHox [54], CD34 [55], SSEA4 [56], CD133 [57], c-Kit (CD117) [58], and Sca-1 [59] com-

prised 30 to 80% of the differentiated population compared with only 2%-4% prior to CSF-1/

LPS treatment (Fig 3A). The highest upregulated marker Sca-1 was detected in 94.4% of differ-

entiated cells. The number of positive cells for Sca-1 and other stem markers significantly

decreased in the presence of anti-IL-10R antibody and in BM cells from IL-10R-/- mice (Fig

3C–3F). Moreover, the number of double-positive Sca-1+/Lyve-1+ cells dropped by half from

85.9% to 45.5% in WT cells in the presence of anti-IL-10R antibody compared with control

IgG (Fig 3G and 3H). Collectively, these data indicate that both pro-lymphatic and myeloid

developments induced by IL-10 are closely associated with increase in stem cell properties sug-

gesting transition to multipotency rather than commitment to a specific lineage.

IL-10 pathway promotes multipotency in CSF-1/LPS activated BM cells

To test the hypothesis that IL-10 promotes multipotency, we compared expression of cell line-

age markers other than lymphatic or myeloid in ex-vivo and CSF-1/LPS differentiated BM

cells from WT cultured with control rat IgG; WT cultured with anti-IL-10R IgG; and BM cells

from IL-10R-/- mice. We found that markers of T-lymphocytes (CD3, CD4, and CD8) as well

as Ter-119, a marker of erythroid cells, were increased up to 92% in differentiated WT cells

cultured with control IgG (Fig 4A–4E) compared with 5–11% in an ex-vivo population (S1

Fig). The MFI of CD4 and CD8 was also significantly elevated (Fig 4F) along with myeloid

(Fig 2) and lymphatic-specific proteins (Fig 1). Apart from CD8, upregulation of the T-cell

and erythroid lineage markers was IL-10 dependent as evident by a substantial decrease in the

presence of anti-IL-10R antibody and in BM cells lacking IL-10R (Fig 4). Blocking the IL-10

pathway caused a 20% decrease in CD8+ cells in BM cells from IL-10R-/- mice whereas CD3e,

CD4, and Ter-119 were suppressed by 93%, 75%, and 45% by anti-IL-10R antibody, respec-

tively, compared with corresponding controls. These data suggest that the CSF-1/TLR4/IL-10

axis generates intermediate precursors with the potential to produce progenitors for lymphatic

endothelial and some hematopoietic lineages.

Activation of IL-10 in M2 myeloid precursors promotes the developmental

potential for several hematopoietic and endothelial lineages

To examine a transcriptional role of the IL-10 pathway in multipotency, we used qPCR to

determine de novo expression of specific markers of various lineages in the presence of a block-

ing anti-IL-10R antibody and in BM cells lacking IL-10R. The β-actin normalized Ct values

from cells with blocked or deleted IL-10R were compared with WT cells in the presence of

control rat IgG (control IgG) and WT cells with no additions (control for IL-10R-/-),

CSF-1/LPS differentiated cells derived from wild-type C57BL/6 mice in the presence of rat isotype-matched control

(left panel) or anti-IL-10R antibody (center panel). The right panel shows CD204 expression in identically

differentiated cells from IL-10R knockout (KO) mice. Secondary controls are shown by the grey area outlined by black

line. Transcriptional analysis determined by qPCR on day 6 of differentiation of anti-IL-10R antibody-treated BM cells

compared with rat control antibody, and BM cells from IL-10R-/- compared with those from WT mice. Analyzed

markers included those for (E) M1 phenotype, (F) immunosuppressive regulators, (G) Th2 regulators, and (H) M2

phenotype. Expression in WT cells in the absence or presence of control rat IgG was taken as 1. Stars represent

statistical significance determined by Student’s t-test with P-values indicated by *<0.05, **<0.01, and ***<0.001. All

experiments were performed in duplicate and reproduced at least twice.

https://doi.org/10.1371/journal.pone.0298465.g002
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Fig 3. Acquisition of M2 phenotype coincides with IL-10 dependent upregulation of stem markers. BM cells were differentiated

using standard protocol followed by analysis of stem cell markers p67-pHox, Sca-1, CD117, CD34, CD133, and SSEA4. (A) The mean

percentage of positive cells and (B) MFI (x103) were compared in freshly-isolated and differentiated cells using flow cytometry.

Representative histograms demonstrating expression of (C) Sca-1 and (D) p67-pHox in WT differentiated BM cells in the presence of

control rat IgG, anti-IL-10R IgG, and differentiated cells from IL-10R KO mice. The numbers indicate the percentage of marker-positive

cell population shown by red line. Secondary controls are shown by the grey area outlined by black line. (E) The mean percentage of

positive cells and (F) MFI (x103) of marker expression in each panel. (G, H) Co-expression of a lymphatic marker Lyve-1 and a stem cell

marker Sca-1 in differentiated cells from WT in the presence of control and anti-IL-10R antibody. Stars represent statistical significance
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respectively. We found transcriptional analyses to be highly consistent with flow cytometry

data with both demonstrating a direct role of IL-10 in induction of markers of multiple line-

ages. As shown in Fig 5, transcripts for lymphatic, endothelial, myeloid, erythroid, T-cell, and

B-cell lineage-specific genes were significantly reduced in both anti-IL-10R antibody treated

cells and those lacking this receptor, compared with respective controls. Among LEC markers,

Pdpn transcript was the only target insensitive to IL-10 inhibition which is consistent with pre-

vious observations that Pdpn expression is independent of TLR4 [25]. The other outlier was

CD8, a marker of cytotoxic T-cells, which is consistent with an increase in immuno-stimula-

tory responses upon suppression of Th2 pathways [60]. However, T-cell lineage markers CD3e

and CD4 were decreased upon inhibition of IL-10R (Fig 5E). Both IL-10 deficient models were

in complete agreement with regard to suppression of multi-lineage differentiation although

permanent deletion of IL-10R in BM from KO mice had stronger effects compared with that

of anti-IL-10R antibody. These data strongly support our contention that the primary role of

CSF-1/TLR4 activated IL-10 pathway in early myeloid precursors is to confer developmental

potential for multiple lineages including production of myeloid-lymphatic progenitors.

Lymphatic progenitors induced by tumors in BM in vivo express markers

of multiple hematopoietic lineages

To test the relevance of data obtained from the in vitro model to in vivo M-LECP differentiation,

we analyzed BM cell surface profiles in mice implanted with syngeneic EMT6 breast tumors. BM

cells were collected from tumor-free mice (day 0 control) and on the days 2, 4, 7, 10, 14, and 17

post tumor implantations. This was followed by analyses for total cell number per two femurs; cell

diameter; and expression of lymphatic (Lyve-1, Pdpn), erythroid (Ter-119) and pan T-cell lym-

phoid (CD3e) proteins. We found that tumors induced drastic changes in numbers and diameters

of BM cells. This was particularly noticeable during the first week post-implantation when the

total cell number dropped by half, presumably due to rapid mobilization of progenitors to the

blood (Fig 6A). The losses reached>60% by day 7 followed by gradual stabilization and a modest

increase in the next two weeks. The drastic cell exit coincided with increased cell diameter by 25%

that typically signifies differentiation. However, in all days of analyses the rate of production of

new progenitors failed to balance the rate of their release, probably due to exponential demands of

a growing tumor. Due to disbalance between the production and the release rates of BM cells in
vivo, the Lyve-1+/Pdpn+ fraction of lymphatic progenitors accounted only for 6% of total cells (Fig

6B), which is significantly lower than in an in vitro assay shielded from tumor-induced mobiliza-

tion. However, the multipotent profile of myeloid-lymphatic progenitors established in in vitro
studies (Figs 1–5) has been recapitulated in this in vivo setting. For instance, 70–80% of Lyve-1

positive cells co-expressed Ter-119 and CD3e for the duration of the experiment and the percent-

age of multi-positive cells significantly exceeded the baseline (Fig 6C–6G). These findings confirm

that multipotent status of BM progenitors identified in the in vitro model (Figs 4 and 5) is faith-

fully reproduced in the BM of tumor-bearing mice.

Tumor-recruited lymphatic progenitors retain the myeloid phenotype but

downregulate markers of other hematopoietic lineages in human breast

cancer ZR-75 model

To date, M-LECP in mouse and human tumors have been analyzed only for myeloid-specific

and lymphatic markers but not for indicators of other lineages. Since our data from in vitro

determined by Student’s t-test with P-values indicated by *<0.05, **<0.001, and ***<0.001. All experiments were performed in

duplicate and reproduced at least twice.

https://doi.org/10.1371/journal.pone.0298465.g003
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Fig 4. CSF-1/LPS upregulates markers of multiple lineages in an IL-10 dependent manner. Representative

histograms demonstrating expression of (A) CD3e, (B) CD4, (C) CD8, and (D) Ter-119 in BM cells from WT mice in

the presence of control (left panel) and anti-IL-10R antibody (center panel) as well as in BM cells from IL-10R-/- mice

(right panel). All cells were differentiated using standard CSF-1/LPS protocol as described under Methods. Numbers

indicate the mean percentage of marker-positive cells in each condition. Secondary controls are shown by the grey area
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and in vivo analyses suggested multipotency of M-LECP in the BM, we wished to determine

whether tumor-recruited progenitors continue to maintain this status in tumors. To address

this question, we used two orthotopic models of breast cancer: human ZR-75 xenografts

grown in SCID mice and mouse syngeneic EMT6 cell line implanted into BALB/c mice. We

also used two methods to identify tumor-recruited M-LECP based on either GFP expression

in in vitro differentiated progenitors derived from BM of GFP+ mice or co-expression of Lyve-

outlined by black line. (E) The mean percentage of positive cells and (F) MFI (x103) of indicated markers in

differentiated WT cells treated with control or anti-IL-10R antibody and in identically differentiated IL-10R-/- BM cells.

Statistical significance of differences in marker expression was determined by Student’s t-test with P-values indicated by

*<0.05, **<0.001, and ***<0.001. All experiments were performed in duplicate and reproduced at least twice.

https://doi.org/10.1371/journal.pone.0298465.g004

Fig 5. IL-10 pathway regulates transcription of specific markers of multiple lineages in BM myeloid precursors.

Marker expression levels in CSF-1/LPS differentiated BM cells from WT mice in the presence of anti-IL-10R

antibodies and from IL-10R KO mice were compared with the levels in WT cells treated with a control antibody. Cells

harvested on the sixth day of differentiation were analyzed by RT-qPCR for mRNA expression of markers of (A)

lymphatic-specific, (B) endothelial, (C) myeloid, (D) erythroid, (E) T-cell, and (F) B-cell lineages. All analyses were

performed in triplicate for each target, normalized to β-actin, and independently reproduced twice. Data for each

target are reported as the mean fold-change in treated cells compared with the WT cells treated with control rat

IgG ± S.D. Statistical significance of expression changes compared with control group was determined by Student’s t-

test with P-values indicated by *<0.05, **<0.01, and ***<0.001.

https://doi.org/10.1371/journal.pone.0298465.g005
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1 and CD11b markers in the absence of GFP. Adoptively transferred GFP+ M-LECP were

defined as exogenous progenitors whereas GFP-negative cells with myeloid-lymphatic pheno-

type were identified as endogenous progenitors. This analysis allowed us to confirm the BM

origin of tumor-infiltrating M-LECP and compare the tumor behavior of progenitors pro-

duced by in vitro differentiation versus natural induction by tumors in vivo.

We found that both exogenous and endogenous M-LECP in both models of breast cancer

display an identical pattern of retaining the myeloid marker CD11b but downregulating mark-

ers of other lineages (Fig 7). GFP+/Lyve-1+/CD11b+ macrophages were identified on tumor

sections by triple staining and evaluated for co-expression of erythroid and T-cell lymphoid

markers. As shown in Fig 7, more than 90% of tumor-recruited GFP+ cells co-expressed mye-

loid CD11b and lymphatic Lyve-1 markers. In contrast, less than 10% of GFP+ cells expressed

an erythroid Ter-119 or a pan T-lymphocyte CD3e markers (Fig 7D). Analysis of GFP+ BM

cells prior to injection determined that myeloid, erythroid, T-cell, and lymphatic markers were

highly expressed (up to 90%) in vitro (Fig 4B and S2 Fig) suggesting that low or absent expres-

sion of CD3e and Ter-119 in tumor-residing M-LECP was due to in vivo induced suppression.

Since GFP is a trackable marker, tumor-residing GFP+/CD11b+/Lyve-1+ cells that lacked T-

cell and erythroid markers were clearly derived from an initially positive subset generated in
vitro rather than from unknown precursors. Endogenous GFP-negative CD11b+/Lyve-1+ pro-

genitors showed the same pattern, that is, largely lacked CD3e and Ter-119 (Fig 7E).

Fig 6. Mouse syngeneic breast tumors in vivo induce progenitors with multi-lineage markers. BALB/c mice were orthotopically

implanted with EMT6 breast cancer cells (N = 2 mice per timepoint) with one group serving as a tumor-free control. BM was extracted

from the control group on day 0 and from experimental groups on days 2, 4, 7, 10, 14, and 17 after tumor implantations. After

determining cell number and their diameter, cells were double-stained for Lyve-1, Pdpn, Ter-119, and CD3e in different combinations

and analyzed using flow cytometry. BM from all mice per timepoint were pooled and evaluated in triplicate. (A) The mean values for BM

cell numbers and cell diameter on different days post tumor implantation. (B) A representative flow cytometry dot plot of double-positive

Pdpn+/Lyve-1+ cells in BM harvested on the 14th day post tumor implantation. (C) The mean percentage of BM cells of Pdpn+/Lyve-1+

double-positive cells in the absence of tumor (day 0) and on different days after tumor implantation. A representative dot plot of double-

positive (D) Ter-119+/Lyve-1+ and (E) CD3e+/Lyve-1+ cells in BM harvested on the 7th day post tumor implantation. The mean

percentage of (F) Lyve-1+/Ter-119+ or (G) Lyve-1+/CD3e+ cells from total Lyve-1+ cell in the BM was determined in tumor-free and

EMT6 bearing mice on different days post implantation. All values are presented as the mean of triplicate ± S.D. Statistical significance of

differences between control (no tumor) and tumor-induced changes was determined by Student’s t-test with * indicating P-values<0.05.

https://doi.org/10.1371/journal.pone.0298465.g006
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Fig 7. M-LECP recruited to ZR-75 human tumors retain myeloid-lymphatic identity but downregulate T-cell and

erythroid markers. Human ZR-75 breast tumor cells were orthotopically implanted into SCID mice (N = 5). When

tumors reached ~300mm3, mice were infused i.v. with 1.5x106 of GFP+ M-LECP differentiated in vitro using standard

CSF-1/LPS protocol. Four weeks after transfer, tumors were excised and triple-stained for GFP, Lyve-1, and (A)

CD11b, (B) Ter-119 or (C) CD3e. Nuclei (blue) shown in merged images were visualized by Hoechst stain. Yellow

arrowheads indicate GFP+/Lyve-1+ cells that lack markers of other lineages. Cells with rare co-expression of erythroid

or lymphoid markers in GFP+/Lyve-1+ cells are indicted by yellow arrows. All images were acquired at 400X

magnification. (D) The mean percentage of GFP+/Lyve-1+ cells expressing CD11b, Ter-119 or CD3e was determined

on 3–4 tumor sections each derived from individual mice. A minimum of 100 GFP+/Lyve-1+ cells identified in

multiple sections were analyzed to calculate the percentage cells positive for each marker. (E) Identical analysis was

applied to native Lyve-1+ cells lacking GFP expression. Results are presented as the means ± S.D. “Exogenous” and

“Endogenous” labels refer to adoptively transferred (GFP+) or tumor-induced host M-LECP (GFP-), respectively.

Statistically significant differences between Lyve-1+ cells with myeloid and other markers were determined by

Student’s t-test with P-values of<0.001 indicated by triple stars.

https://doi.org/10.1371/journal.pone.0298465.g007
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Retention of myeloid-lymphatic phenotype along with reduction of

erythroid and T-cell markers is replicated in syngeneic EMT6 breast cancer

model

The immunocompetent, syngeneic EMT6 tumor model replicated the progenitor behavior in

a xenograft model: nearly 100% of EMT6-recruited Lyve-1+ cells expressed CD11b but only

1–3% co-expressed either Ter-119 or CD3e (Fig 8). This pattern was observed regardless of the

Fig 8. M-LECP recruited to mouse EMT6 tumors are distinct from co-mobilized Ter-119+ or CD3e+ progenitors.

BALB/c mice were orthotopically implanted with EMT6 breast cancer cells in groups of 4 mice per timepoint. Tumors

were excised on days 2, 4, 7 and 10 post-implantations, sectioned and stained for Lyve-1 in combination with (A)

CD11b, (B) Ter-119, or (C) CD3e. Nuclei (blue) in merged images were visualized by Hoechst stain. All images were

acquired at 400X magnification. (D) The mean percentage of Lyve-1+ cells co-expressing CD11b, Ter-119 or CD3e was

determined on tumor sections from individual mice (N = 4) with a minimum of 100 Lyve-1+ cells analyzed for each

marker. Results are presented as the means ± S.D. Statistically significant differences between Lyve-1+ cells with

myeloid and other markers were determined by Student’s t-test with P-values of<0.001 indicated by triple stars.

https://doi.org/10.1371/journal.pone.0298465.g008
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day of post-implantation suggesting either rapid intratumoral switch to a specific lineage or

maturation prior to tumor entry. Physical segregation of progenitors into distinct lineage-spe-

cialized subsets was indicated by clusters of Ter-119 and CD3e positive cells with red color

that were clearly separated from green-labeled Lyve-1+ cells (dotted white line, Fig 8B and 8C).

As in the ZR-75 model, CD11b+/Lyve-1+ cells were more abundant than either CD3e+ or Ter-

119+ cells. These data suggest that tumors can determine a composition of recruited progeni-

tors that achieve advanced maturation either prior to tumor arrival or upon direct influence of

TME.

Discussion

Myeloid-lymphatic endothelial cell progenitors (M-LECP) are BM-derived immunosuppres-

sive M2-type cells that co-express stem and lymphatic markers, are capable of increasing

tumor LVD in BC models [61], and are associated with increased LN metastasis in BC patients

[16]. We previously showed that M-LECP can be generated from BM cells in vitro by activa-

tion of CSF-1 and TLR4 pathways [12]. This protocol activates the IL-10 pathway that induces

the M2 immunosuppressive and lymphatic phenotypes [25]. In addition to well-established

M2 polarization of TAMs [62] and BM myeloid cells [63], IL-10 also supports differentiation

of a wide range of lineages generating epithelial, endothelial, hematopoietic, and neuronal cell

types [26, 27]. Given the broad involvement of IL-10 in generation of multiple lineages, we

sought better understanding of its specific role in induction of lymphatic progenitors. To this

end, we compared expression of markers identifying progenitors for various hematopoietic

lineages in CSF-1/LPS differentiated cells in vitro as well as in the BM and tumors in vivo. The

main conclusions of this study are: (1) IL-10 expressed in the BM induces multipotent progen-

itors as suggested by co-expression of specific markers for at least four lineages: myeloid-mac-

rophage, lymphatic endothelial, T-cell lymphoid, and erythroid; (2) IL-10 dependent

induction of multipotency coincides with upregulation of stem cell markers (i.e., plasticity)

and emergence of immunosuppressive M2 phenotype; (3) BM in tumor-bearing mice repli-

cates generation of multipotent CD11b+/Lyve-1+/Ter-119+/CD3e+ cells in vitro; and (4) com-

pared with BM, tumor-residing progenitors display advanced maturity as evidenced by

physically separated lineage-specific subsets residing at distinct tumor locales.

Our data suggest that BM-derived IL-10 induces multipotent progenitors. This is in line

with prior studies that implicated IL-10 in differentiation of a variety of hematopoietic and

non-hematopoietic lineages [28, 40, 41, 64] including multipotent MSC [35, 38]. It has also

been shown to promote differentiation of blood vascular [29] and lymphatic endothelial line-

ages [25] that can derive from both HSC-myeloid precursors [12] and MSC [65]. Our data sug-

gest that IL-10 can also promote the erythroid lineage (Figs 4 and 5). Such broad involvement

in cell differentiation suggests a role in generating multipotent precursors rather than a specific

lineage. This conclusion is supported by several lines of evidence and arguments. Conceptu-

ally, BM released cells are expected to maintain plasticity to allow the local environment to

finalize the properties of progenitors needed for repair of a specific site. In line with this con-

cept, IL-10 has been shown to promote proliferation, survival and self-renewal of multipotent

HSC [26] and MSC [38] that are located at the top of hierarchical trees and can give rise to

multiple cell types. Mechanistically, IL-10 is well-equipped to create the lineage diversity as it

can control access to DNA through histone-3 acetylase H3Ac [66], histone-3 methylase

H3K4me4 [67], CCAAAT-enhancer binding protein (C-EBP) [68], and other epigenetic regu-

lators [69]. H3K4me4 significantly contributes to stem cell potency [70] whereas C-EBP a key

player in differentiation of early myeloid precursors with the capacity to produce multiple line-

ages [71]. Importantly, IL-10 dependent epigenetic regulators are regulated by LPS-activated
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TLR4 pathway [67, 72], an important regulator of BM-produced M-LECP [12]. Convergence

of cell plasticity with acquisition of the lymphatic phenotype is evident in our study that dem-

onstrates concurrent elevation of LEC-specific and stem cell markers such as Sca-1, CD133,

and c-Kit (Fig 3). Expression of these stemness and self-renewal markers in mouse [65, 73]

and human [14, 74, 75] lymphatic progenitors suggests their plasticity after release from the

BM. Taken together, this evidence supports our hypothesis that IL-10 generated multipotent

progenitors in the BM can harbor the potential to progress to various lineages outside of the

original production site.

We also show here that IL-10 dependent pro-lymphatic reprogramming coincides with

acquisition of immunosuppressive M2 phenotype (Fig 2). This is consistent with the observed

M2 status of lymphatic progenitors in clinical BC [16] and other human tumors [13]. The

well-known properties of M2 macrophages such as efficient mobility, invasiveness, and matrix

degradation can significantly help M-LECP to access tumor lymphatic vessels. Combining

pro-migratory behavior of M2-TAMs with multipotency and immunosuppression might fur-

ther increase functionality of M-LECP and other BM progenitors. Multipotency confers flexi-

bility of recruited progenitors to support specific tissue needs while suppression of cell-

destructive immune responses is essential for tissue repair. It therefore makes a physiological

sense to equip regenerative BM cells with strong migratory/invasive capacities along with the

mechanisms to suppress stimulatory immune responses and maintain broad developmental

potential.

The BM responses to tumors have received much less attention than analysis of TME. Here,

we show that implantation of 1.5x106 of breast tumor cells depletes nearly half of the entire

BM cell inventory in just two days (Fig 6A). While the total number of BM cells in tumor-bear-

ing mice remained significantly lower than the baseline for the duration of the experiment, the

fraction of lymphatic progenitors steadily increased reaching 300% of the level prior to tumor

implantation (Fig 6C). In line with in vitro findings (Fig 4), ~80% of Lyve-1+ cells in BM co-

expressed Ter-119 and CD3e (Fig 6F and 6G). This evidence supports our hypothesis that BM

produces early multipotent progenitors that subsequently mature at extramedullary or final

destination sites.

Our study demonstrated significant differences in marker profiles of Lyve-1+ cells in BM

and tumors: BM-residing Lyve-1+ cells co-expressed multipotent markers whereas in tumors

nearly all Lyve-1+ cells lacked Ter-119 and CD3e (Figs 7 and 8). While we cannot be certain

that tumor-residing Lyve-1+ cells are derived directly from the BM generated Lyve-1+ cells,

our adoptive transfer experiment is consistent with this interpretation. In this experiment,

86% to 94% of differentiated GFP+ cells were positive for Lyve-1, Ter-119 and CD3e immedi-

ately prior to transfer (Fig 4 and S2 Fig), but only 10% of tumor-residing GFP+ cells displayed

this profile 4 weeks after transfer (Fig 7). Analysis of this GFP+ trackable cell population with

nearly 90% overlapping expression for markers of three different lineages clearly demonstrates

the uniformity of co-expression prior to transfer. However, tracking tumor-recruited GFP-

positive cells showed that Lyve-1+, Ter-119+ and CD3e+ subsets were segregated and localized

to distinct intratumoral sites (Fig 8). This evidence suggests that BM-generated myeloid pro-

genitors can undergo further specialization either at an extramedullary organ (e.g., spleen) or

upon tumor arrival. M-LECP derivation from originally multipotent precursors is supported

by studies showing generation of arterial and venous endothelial progenitors from multipotent

monocytes [76, 77] that were also able to give rise to neuronal [78] and mesenchymal [79]

cells. Lymphatic progenitors can also derive from MSC [80] suggesting that either hematopoi-

etic or mesenchymal multipotent cells contribute to expansion of tumor lymphatic vascula-

ture. Taken together with our findings, these studies suggest that BM progenitors might be

initially multipotent while the advanced or terminal determination is achieved at an
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intermediate storage or final destination site. Such flexibility afforded in the BM presumably

by IL-10 can later support optimal adaptation of endothelial progenitors to the specific needs

of tumor vascular bed.

One of the unresolved questions of this study is when and where multipotent progenitors

transit to more committed cells. We detected distinct progenitor populations as early as two

days after tumor implantation (Fig 8). This short time suggests that differentiation of BM-

released monocytic progenitors might occur in spleen or another organ prior to tumor arrival.

The concept of the spleen as an intermediate storage and differentiation site is supported by

the studies that showed mobilization of BM-produced early progenitors to this organ [81–83].

This event was followed by acquisition of new or enhanced properties such as expression of

chemotactic receptors [84] and improved survival [85]. That said, tumors might also influence

the composition of residing progenitors as suggested by dominance of the CD11b+/Lyve-1+

population as compared with minor CD3e+ and Ter-119+ subsets. The preference for expan-

sion of lymphatics can be explained by their unique and essential role in removing stimulatory

immune cells [86] and debris [87] that otherwise sustain chronic inflammation [88] and block

tissue repair [89]. Therefore, increased lymphatics address the most pressing tumor need for

regeneration that is less likely to be supported by local production of T-cells or erythrocytes

plentifully supplied by blood vessels.

In summary, we discovered that the CSF-1/TLR4/IL-10 axis activated in BM cells in vitro
and by tumors in vivo induced multipotent progenitors with the potential to develop into M2

myeloid, erythroid, T-cell lymphocytes, and lymphatic endothelial lineages. Maturation of

these progenitors into discrete lineage-specific subsets was subsequently promoted in the

tumor microenvironment that predominantly favored the expansion of M2-type myeloid-lym-

phatic cells. To our knowledge, this is the first evidence suggesting that tumors influence the

cell composition of their environment. These findings advance our understanding of different

stages in maturation of lymphatic progenitors in BM and tumors thus laying the foundation

for approaches to counteract their generation for development of anti-metastatic therapies.

Supporting information

S1 Fig. Baseline expression of T-cell markers and Ter-119 in ex vivo bone marrow cells.

Isolated bone marrow cells were stained with antibodies against T-cell markers and an ery-

throid marker Ter-119 followed by flow cytometry analysis. Representative flow cytometry his-

tograms demonstrating expression of (A) CD3e, (B) CD4, (C) CD8, and (D) Ter-119 are

shown (blue line). Percent of positive cells was determined based on cells stained with second-

ary antibody alone (black line).

(PDF)

S2 Fig. Uniform expression of Lyve-1, CD3e and Ter-119 in GFP+ bone marrow cells dif-

ferentiated with CSF-1 and LPS. Bone marrow cells isolated from mice with ubiquitous GFP

expression were differentiated using standard protocol employing CSF-1 and LPS as described

under Methods. (A) Ubiquitous GFP expression in 100% of cells was confirmed after staining

with nuclear Hoechst dye by fluorescent and bright field microscopy. (B) Differentiated GFP-

positive cells were stained for Lyve-1, CD3e and Ter-119 followed by flow cytometry analysis

prior to adoptive transfer to tumor-bearing mice. Percent of positive cells (red line) was deter-

mined based on cells stained with secondary antibody alone (black line).

(PDF)

S1 Table. Antibodies used for flow cytometry and immunohistochemistry.

(PDF)
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S2 Table. RT-qPCR primers.
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