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Abstract

We previously identified a distinct population of human circulating hematopoietic stem and

progenitor cells (CHSPCs; CD14-glyA-CD34+AC133+/-CD45dimCD31+ cells) in the peripheral

blood (PB) and bone marrow, and their frequency in the PB can correlate with disease state. The

proangiogenic subset (pCHSPC) play a role in regulating tumor progression, for we previously

demonstrated a statistically significant increase in C32 melanoma growth in NOD.Cg-Prkdcscid

(NOD/SCID) injected with human pCHSPCs (p<0.001). We now provide further evidence that

pCHSPCs possess proangiogenic properties. In vitro bio-plex cytokine analyses and tube forming

assays indicate that pCHSPCs secrete a proangiogenic profile and promote vessel formation

respectively. We also developed a humanized bone marrow-melanoma orthotopic model to

explore in vivo the biological significance of the pCHSPC population. Growth of melanoma

xenografts increased more rapidly at 3-4 weeks post-tumor implantation in mice previously

transplanted with human CD34+ cells compared to control mice. Increases in pCHSPCs in PB

correlated with increases in tumor growth. Additionally, to determine if we could prevent the

appearance of pCHSPCs in the PB, mice with humanized bone marrow-melanoma xenografts

were administered Interferon α-2b, which is used clinically for treatment of melanoma. The

mobilization of the pCHSPCs was decreased in the mice with the humanized bone marrow-

melanoma xenografts. Taken together, these data indicate that pCHSPCs play a functional role in

tumor growth. The novel in vivo model described here can be utilized to further validate pCHSPCs

as a biomarker of tumor progression. The model can also be used to screen and optimize

anticancer/anti-angiogenic therapies in a humanized system.
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Introduction

Neovascularization and angiogenesis are increasingly recognized as having an important

role in a wide variety of diseases. Angiogenesis has been shown to be important for tumor

growth, and novel anti-angiogenic therapies are currently being tested as a means of slowing

or preventing growth of tumors (as reviewed in[1]). Researchers have gained important

insights on the role of purported bone marrow-derived cells of both endothelial and

hematopoietic lineages in neovascularization[2-6]. Multi-parametric flow cytometry is being

utilized to characterize and detect these circulating hematopoietic stem and progenitor cell

subsets (CHSPCs; CD14-glyA-CD34+AC133+/-CD45dimCD31+ cells) in human peripheral

blood (PB), and their presence or absence have been correlated with a variety of disease

states[7-9]. We propose that CHSPCs and the mobilization of this population could be a

possible target that if effectively inhibited, could lead to a restriction of vessel growth

necessary for tumor progression.

The clinical utility of anti-angiogenic therapy has recently been established (as reviewed

in[10-13]). Increased survival rates in phase III clinical trials were observed with the

addition of vascular endothelial growth factor (VEGF) specific antibody (bevacizumab)

compared to front-line therapy for colon and rectal cancer patients[14]. We previously

demonstrated that the blood concentrations of CHSPCs are elevated in pediatric solid tumor

cancer patients prior to treatment, which is consistent with the hypothesis that CHSPCs are

an important biomarker of active tumor progression and measurement of anti-cancer

treatment efficacy[9]. In this study, we demonstrated that a distinct population of CHSPCs is

increased in pediatric solid tumor patients with proangiogenic potential as demonstrated

previously (CD14-glyA-CD34+AC133+CD45dimCD31+ cells; pCHSPCs) compared to the

non-angiogenic subset that is AC133 negative (CD14-glyA-CD34+AC133-CD45dimCD31+

cells; (nCHSPCs))[7,9]. We also believe that it is the ratio between the pCHSPCs and the

nCHSPCs (pCHSPC:nCHSPC) that is the feature of significant clinical importance, and can

be utilized to normalize values across a wide spectrum of clinical diseases affecting organ-

specific vasculature. In the pediatric study, solid tumor patients had a pCHSPC:nCHSPC

ratio of greater than 2 when diagnosed. However, following successful chemotherapeutic

treatment, the pCHSPC:nCHSPC ratio decreased to be within the normal range (1.2-1.8)

[7,9]. We have also previously shown that in patients with peripheral vascular disease and

adolescents with type 1 diabetes, the pCHSPC:nCHSPC ratio is less than 1, which is

consistent with a decrease in angiogenesis at organ-specific sites[7,15].

Developing in vivo models of human disease will be necessary for testing new anti-cancer

and anti-angiogenic therapies. In our current study, we characterized and confirmed the

proangiogenic properties of the pCHSPCs using human cytokine bio-plex and tube forming

assays. Additionally, we utilized an integrated orthotopic humanized xenograft modeling

approach in which immunodeficient mice were transplanted with human CD34+ cells, and
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following a reconstitution period, were also engrafted with a subcutaneous melanoma

xenograft. In this model, we found that the presence of pCHSPC correlated with tumor

growth and progression of disease. In addition, to determine if mobilization of pCHSPCs

can be modulated in this xenograft model, interferon α-2b (an inhibitor of bone marrow

mobilization) was administered to mice with humanized bone marrow-melanoma xenografts

to monitor pCHSPC frequency and tumor growth. A decrease in pCHSPC frequency in the

PB following interferon α-2b treatment was observed. However, it was not complete, nor

sufficient to inhibit tumor growth. This model can now be used to optimize therapeutic

regimens and determine if a particular pCHSPC frequency and pCHSPC:nCHSPC ratio

must be obtained to block tumor progression.

Materials and Methods

Isolation of Umbilical Cord Blood CD34+ Cells

The Institutional Review Board at the Indiana University School of Medicine approved all

protocols. Samples of human umbilical cord blood (UCB) were collected from normal, full

term infants delivered by cesarean section and the CD34+ cells were selected using the

human CD34 indirect MicroBead kit and Magnetic Cell Sorting (MACS) system (Miltenyi

Biotec) exactly as directed by the manufacturer. The CD34+ fraction was subsequently

isolated, with the viability of the CD34+ cells always >95%. The purity and functionality of

the MACS isolated CD34+ cells was confirmed by flow cytometry analysis (>95%) and a

colony forming unit-granulocyte, erythrocyte, monocyte, megakaryocyte assay (CFU-

GEMM).

Colony Forming Unit Assay

CFU assays (MethoCult GF H4434, Stem Cell Technologies, Inc) were conducted using the

MACS isolated CD34+ cells. The cells were seeded in 35mm dishes in triplicate at a

concentration of 0.5×103 CD34+ cells per plate in order to obtain 60-70 colonies per dish per

the manufacturers recommendation.

Antibodies and Staining Reagents

The following primary conjugated monoclonal antibodies were used: anti-human CD31

fluoroscein isothyocyanate (FITC, BD Pharmingen), anti-human CD34 phycoerythrin (PE,

BD Pharmingen), anti-human AC133 allophycocyanin (APC, Miltenyi Biotec), anti-human

CD14 PECy5.5 (Abcam), anti-human CD45 APC-AlexaFluor (AF) 750 (Invitrogen), anti-

human CD235a (glyA, R&D Systems) conjugated to Pacific Blue (PacB, Invitrogen) and the

amine reactive viability dye, LiveDead (Invitrogen).

In order to resolve the rare and/or dim populations of interest, specific antigen and

fluorochrome conjugate coupling was optimized for the six-antibody plus viability marker

staining panel described below and as previously described[16-18].

Multi-Parametric Flow Cytometry Immunostaining and Sorting

MACS isolated CD34+ cells were incubated with Fc blocking reagent (Miltenyi Biotec) and

stained as previously described[7,19]. “Fluorescent minus one” (FMO) gating controls were
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also used to ensure proper gating[19]. Briefly, cells were incubated with antibodies for 30

minutes at 4°C, washed twice in PBS with 2% fetal bovine serum (FBS), and were run fresh

on a BD Aria flow cytometer (BD, Franklin Lakes, NJ, USA) equipped with a 405nm violet

laser, 488nm blue laser and 633nm red laser. Data were acquired compensated, with anti-

mouse Ig BD CompBeads (BD Biosciences) stained with each of the individual test

antibodies to serve as single-color compensation controls. Acquisition files were exported as

FCS 3.0 files and analyzed using FlowJo software, version 8.7.3 (Tree Star, Inc). For

peripheral blood analysis of the CHSPCs in the humanized mice, PB cells were collected

using a red blood cell lysis and stained with the human antibodies listed above.

Approximately 150,000 events per sample were collected on a BD LSRII flow cytometer.

Data were acquired uncompensated and exported as FCS 3.0 files, and analyzed utilizing

FlowJo software version 8.7.3.

Prior to use, each lot of antibody was individually titered, as previously described, to

determine the optimal staining concentration[20].

Matrigel Tube-Forming Assay

Endothelial colony forming cells (ECFCs) were purchased from the Angiogenesis,

Endothelial & Pro-Angiogenic Cell Core (AEPCC, Indiana University). Matrigel assays

were conducted as previously described with slight modifications[21]. Briefly, early passage

ECFCs (i.e. 2-3) were starved over night and then seeded onto a 96-well tissue culture plate

coated with 45μL of Matrigel (BD Biosciences) at a cell density of 7,500 cells per well. In

some experiments, 2,500 sorted pCHSPCs were added to the wells with ECFCs. In addition,

7,500 sorted pCHSPCs were plated alone to assay for tube formation. Cells were observed

every 2hrs by visual microscopy with an inverted microscope at 40× magnifications for tube

formation. Tube formation in each well was quantified at 8 hours post plating[21]. Assays

were performed in a minimum of triplicate.

Bio-Plex Human Cytokine Assay

pCHSPCs were plated in 24-well tissue culture coated plates in 2mLs of Stemline 2 media

(Sigma-Aldrich) and incubated at 37°C for 48hrs to create conditioned media. Conditioned

media was assayed using the Bio-Rad Bioplex Pro-Human Cytokine 27-plex Assay (IL-1β,

IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12, IL-13, IL-15, IL-17, basic

FGF, eotaxin, G-CSF, GM-CSF, IFN-γ, IP-10, MCP-1, MIP-1α, MIP-1β, PDGF-BB,

RANTES, TNF-α, and VEGF) according to the manufacturers protocol by the Bio-Plex

Core of the Indiana University Simon Cancer Center.

Mice

NOD.CB17-Prkdcscid/j (NOD/SCID), NOD.Cg-PrkdcscidIL2rgtm1Wjl/Sz (NOD/SCID/

γchainnull), or SCID/beige (SCID/bg) mice, 6-8 weeks old, were housed according to

protocols approved by the Indiana University Laboratory Animal Research Center and

adhered strictly to National Institutes of Health guidelines. All protocols were approved by

the Indiana University Animal Care and Use Committee.
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Transplantation of NOD/SCID, NOD/SCID/γchainnull or SCID/bg Mice

All animals were given a sub-lethal dose of 300cGy total body irradiation 4hrs before

transplantation. The MACS isolated CD34+ cells (105 per mouse) were re-suspended in

Dulbecco's modified eagle medium (DMEM, Gibco) and transplanted by tail vein injection.

To assess human engraftment, PB samples were obtained at 4 weeks post transplantation

and assayed by flow cytometry with the staining listed above.

Melanoma Xenograft Models

NOD/SCID, NOD/SCID/γchainnull, or SCID/bg mice previously transplanted with CD34+

cells were subcutaneously injected with 2×106 C32 human melanoma cells (ATCC) with

tumor growth and pCHSPCs monitored over time. Tumor growth was monitored by caliper,

and the volume determined by the following formula: mm3 = (width)2 × length × 0.5. The

fold-increase in tumor volume was determined by comparing tumor volume over time to that

of the base line tumor volume. In some experiments, PB was collected at 1, 2 and 4 weeks

after implantation so as to monitor the pCHSPC release from the bone marrow into the PB

using flow cytometry. Interferon α-2b (Intron A; 50,000U × 3 times a week) was given via

subcutaneous injection and at rotating sites to avoid irritation of the injection sites, for 6

total doses.

At the end of the experiment, mice were euthanized; tumors, PB and bone marrow were

harvested, and the weight of each tumor determined.

Statistical Analysis

Data are presented as the means±SEM. Differences in tumor volume among groups were

analyzed by repeated measures two-way analysis of variance using SigmaPlot v11.2 (Systat

Software, Inc.). The Holm-Sidak method was used to make post-hoc pairwise comparisons

among days and treatments. Flow cytometry data were analyzed using a t-test. Tube

formation data were analyzed by one-way ANOVA with Tukey's post-hoc test. A p value of

≤0.05 was considered statistically significant.

Results

pCHSPCs Secrete Proangiogenic Factors and Increase Tube Formation

To determine if pCHSPCs possess proangiogenic properties, a human bio-plex analysis and

a co-culture tube-forming assay were conducted. The pCHSPCs secreted the proangiogenic

cytokines VEGF and IL-1Ra, as well as IL-2, IL-9, IL-15, IL-17, Eotaxin, G-CSF, GM-CSF,

INF- γ, MIP-1β, and RANTES. They did not have detectable levels of IL-1β, IL-4, IL-5,

IL-6, IL-7, IL-8, IL-10, IL-12, IL-13, basic FGF, IP-10, MCP-1, MIP-1α, PDGF-BB, or

TNF-α (Table 1). In addition, increased tube formation was observed when ECFCs and

pCHSPCs were co-cultured compared to ECFCs alone or ECFCs co-cultured with nCHSPCs

(p<0.008; Figure 1). When pCHSPCs or nCHPSCs were plated alone, no tube formation

was observed. Lack of tube formation was to be expected when the pCHPSCs and nCHSPCs

were plated alone since both the pCHSPCs and nCHSPCs are in fact hematopoietic, and not

endothelial in origin. These data indicate that pCHSPCs could play a prominent role in
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promotion of angiogenesis. The pCHSPCs were found to secrete proangiogenic cytokines

and functionally promote the increased vessel-like tube formation of ECFCs.

Monitoring Mobilization of pCHSPCs in a Humanized Bone Marrow-Melanoma Orthotopic
Model

We previously demonstrated that pCHSPCs can repopulate the bone marrow following sub-

lethal irradiation and transplantation into NOD/SCID mice and that C32 melanoma tumors

grew more quickly in mice when pCHSPCs were infused intravenously[7]. In this current

study, our goal was to develop an optimized mouse model in which to study human CHSPC

function and mobilization. We first determined if NOD/SCID mice with humanized bone

marrow could serve as a model to study mobilization of pCHSPCs into the PB, and whether

mobilization of pCHSPCs correlated with increased tumor growth.

Three strains of immunodeficient mice were compared since these strains have been shown

to promote different levels of human engraftment, and in the case of the NOD/

SCIDγchainnull, enhanced differentiation of myeloid progenitors compared to SCID/bg.

Since CHSPCs have the potential to differentiate into myeloid cells, we thought it was

essential to evaluate and compare CHSPC-mediated tumor progression in the SCID/bg mice

versus our current model in NOD/SCID mice. Further, studies by Kirkiles-Smith et al.,

demonstrated that human-derived macrophages, skin, and arterial grafts actually engrafted

more efficiently and consistently in SCID/bg mice compared to NOD/SCID/γchainnull

mice[22]. However, NOD/SCID/γchainnull mice were better recipients for engraftment of

CD34+ cells and emergence of immature and mature hematopoietic cells both in the PB and

in the bone marrow compared to SCID/bg[22]. This is evidently due to differences in the

innate NK responses in these mice. NOD/SCID, NOD/SCID/γchainnull, or SCID/bg mice

were sub-lethally irradiated and CD34+ cells injected via the tail vein to compare the

engraftment potential of all 3 strains. Engraftment was confirmed at 4 weeks post-

transplantation by quantifying the number of human CD45+ cells in the PB (Figure 2).

NOD/SCID and NOD/SCID/γchainnull mice had similar engraftment whether whole CD34+

cells or the pCHSPC fraction were used for transplantation (data not shown). Interestingly,

SCID/bg mice failed to engraft when either whole CD34+ cells or the pCHSPC fraction was

injected and were therefore not selected for further study (data not shown).

After confirming that the pCHSPCs could repopulate the bone marrow niche of both NOD/

SCID and NOD/SCID/γchainnull mice, we next assessed whether pCHSPCs will mobilize

into the PB in mice with humanized bone marrow and C32 melanoma xenografts. We also

determined if higher levels of pCHSPCs in the PB correlated with increased tumor size.

Mice were first transplanted with CD34+ cells (Figure 3a) or saline control. Following 4

weeks of recovery, engraftment was confirmed in the PB, and C32 melanoma cells were

implanted on the flank. To monitor CHSPC frequency, PB was drawn each week and

analyzed by flow cytometry. PB was collected from both NOD/SCID and NOD/SCID/

γchainnull humanized mice and both strains had detectable levels of the parent population of

the CHSPCs, but the frequency of the pCHSPCs remained low for the 5 weeks following

CD34+ transplantation as well as one week following implantation of C32 melanoma

(Figure 3b). While the tumors grew at a slow rate over weeks 1-2, the number of pCHSPCs
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remained low during this period of time. At four weeks post implantation of C32 xenografts,

when the tumors started to grow rapidly, there was a statistically significant increase in the

number of pCHSPCs (Figure 3c; p=<0.005; Table 2a; p=<0.005). In mice that were

transplanted with CD34+ cells without C32 melanoma implantation, there was no increase in

pCHSPCs compared to baseline (Figure 3d). The increase in pCHSPCs remained until

harvest of the tumors at week 6 post C32 melanoma implant (Figure 3e). Interestingly, there

was a specific mobilization of the pCHSPC fraction in the mice implanted with C32

melanoma cells, while the nCHSPC fraction remained at a stable level (Figure 3).

Tumor volumes were measured weekly for 45 days (Figure 4). Tumors in both C32 only

mice and CD34+ transplanted mice grew at similar rates until about 25 days post implant.

After 25 days, the CD34+ transplanted mice began to have a more rapid increase in tumor

volume, which corresponds with the increase in detectable pCHSPCs in the PB (Figure 3b;

Figure 4). At 45 days post tumor implant, the C32 only cohort had statistically significantly

smaller tumor volumes compared to those mice that received CD34+ cells following

irradiation and subsequent C32 implantation (Figure 3; p=<0.01). The in vivo model

described here simulates what we have observed in patients in that increases in the

pCHSPC:nCHSPC ratio correlate with increased tumor growth[9].

Quantification of pCHSPCs in a Humanized Bone Marrow Xenograft can be used as a
Biomarker for Evaluation of Anticancer Therapies in Orthotopic Models of Cancer

Since it was feasible to follow the levels of the pCHSPCs in the PB in the humanized mouse

model, we next determined if treatment with anticancer therapy could decrease the number

of pCHSPCs in the PB, and would this also correlate with decreases in tumor size compared

to control animals. NOD/SCID/γchainnull mice were irradiated and CD34+ cells were

injected via tail vein, and the mice were allowed to recover for 4 weeks as previously

described. Following baseline bleeds for identification of human CD45+ cells and

pCHPSC:nCHSPC measurements, C32 cells were implanted in the flank of the animals.

We elected to use the chemotherapeutic agent Interferon α-2b since it is currently used for

treatment of melanoma. Two weeks post-implant, treatment with the Interferon α-2b (Intron

A; 50,000U × 3 times a week) was initiated and tumor size measured for 2 weeks post

treatment with Interferon α-2b. Following Interferon treatment, the pCHSPC:nCHSPC ratio

was significantly decreased by 15% in the transplanted mice with C32 tumors compared to

transplanted mice that did not receive Interferon (p=<0.05; Figure 5b). However, the

decrease in the pCHSPC:nCHSPC ratio was not sufficient to cause a change in tumor

growth in the transplanted mice harboring C32 tumors. It is possible that a larger decrease in

the pCHSPC:nCHSPC ratio will be required to sufficiently impact tumor growth and is the

focus of ongoing studies. Additionally, the Interferon α-2b treatment did not affect the

percentage of human CD45+ cells in the bone marrow in any of the three groups (see Table

3a). There was an statistically significant increased ratio of pCHSPC:nCHSPC in the mice

transplanted with human CD34+ cells and then implanted with C32 melanoma regardless of

Interferon treatment compared to humanized mice who did not receive a C32 implant (Table

3b).
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Discussion

We describe a humanized orthotopic cancer model that can be used to track the mobilization

of a potentially very powerful human cellular biomarker, the pCHSPC. The levels of these

cells in the PB of pediatric patients were shown previously to correlate with progression of

pediatric solid tumor malignancies[9]. Tracking of the pCHSPCs in the PB of both tumor

bearing and non-tumor bearing humanized mice further validates the potential of the

pCHSPC as a useful biomarker of tumor progression and in the context of anticancer

therapy studies.

It is well known that hematopoietic cells participate in angiogenesis[23]. We have

previously demonstrated that bone marrow-derived pCHSPCs are increased in pediatric

solid tumor patients at diagnosis compared to healthy age-matched controls[9]. Monitoring

these same cells in a humanized mouse model, we were able to simulate what we have

observed in patients - increased pCHSPC levels correlate with tumor progression. Recently

CD133, the key marker of the pCHSPC, has been shown to interact with VEGF which has

pro-survival and angiogenic properties for endothelial cells and increases survival of cancer

cells[24]. Further, cell growth of both endothelial and melanoma cells are also regulated

through VEGF[24].

The pCHSPCs were detected at the highest levels in the peripheral blood of mice that had a

humanized bone marrow and a melanoma xenograft. In addition to showing that increases in

pCHSPCs correlate with increased tumor volume, the appearance of the pCHSPCs in the PB

can be inhibited by the chemotherapeutic agent Interferon α-2b. We do know that the

pCHSPCs do not originate from the tumor since pCHSPCs are not detected in mice that

have the C32 tumors but were not transplanted with human CD34+ cells. Interferon α-2b is

an adjunct therapy for patients with resected melanoma, and is thought to both alert the

immune system to the presence of melanoma cells as well as suppress release of bone-

marrow cells into the blood stream[25]. Since the interferon α-2b is a known modulator of

bone marrow mobilization, it is most likely that the pCHPSCs do originate from the

humanized bone marrow compartment. While it is most likely that the pCHSPCs are derived

from the bone marrow, we cannot rule out the possibility that the cells were simply

generated in the peripheral blood.

The humanized bone marrow-melanoma model was used to determine to what extent

interferon α-2b could block mobilization of pCHSPCs into the PB and modulate tumor

growth. A decrease in the pCHSPC:nCHSPC ratio was achieved in the PB, but was not

sufficient to block tumor growth. Further studies need to be conducted to optimize the

Interferon α-2b-mediated decreases in the pCHSPC:nCHSPC and to assess if a particular

ratio is required to cause a block in tumor growth.

The multi-parametric flow cytometry approach employed here permits isolation and analysis

of the CHSPC subsets based upon AC133 expression, and only the AC133+ pCHSPC subset

possesses proangiogenic activity in promoting angiogenesis and human tumor growth in an

immunodeficient mouse explant model system[7]. AC133+ cells have been associated with

poor prognosis in ovarian cancer patients, including shortened overall survival time and non-
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response to chemotherapy[26]. Furthermore, AC133+ cells have been inversely correlated

with glioblastoma, diverse gliomas, breast cancer, colon cancer, and pancreatic patient

survival, thus making them an important biomarker in oncology[4,22,27-31]. In the future,

identification of specific molecular pathways that promote tumor angiogenesis may be

insightful and permit a better understanding of mechanisms that can block tumor

angiogenesis and growth. A novel murine xenograft model is now available to investigate

the recruitment of the pCHSPCs in response to many different tumor types in vivo. This will

lead to a better understanding of whether the pCHSPCs can differentiate into myeloid cells

with angiogenic potential, including the Tie2+ monocytes, that have been shown to actively

promote tumor angiogenesis[32].

For the first time, we demonstrate the ability to detect and track human cellular subsets that

may have the potential to promote angiogenesis in a humanized xenograft melanoma model.

By using humanized models, a clearer grasp of how tumorigenesis occurs and the factors

that are necessary for both promoting and disrupting tumor growth can be accurately

studied. When human CD34+ cells were transplanted into a murine xenograft model, the

pCHSPC subset was shown to mobilize in response to increased tumor growth and were

subsequently decreased upon treatment with a chemotherapeutic agent (Interferon α-2b).

Consistent with these findings are previously published studies by our group which

demonstrated an increase in the pCHSPC:nCHSPC ratio at baseline in pediatric patients

with solid tumors compared to healthy controls[9]. In addition, the pCHSPC:nCHSPC ratio

was decreased following treatment with chemotherapeutic agents, thus indicating its

potential use as a predictive biomarker of treatment efficacy[9].
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Figure 1. Matrigel Tube Formation with pCHSPCs
Graph of all populations tested for tube formation (a). Tube formation was increased with

the addition of the pCHSPCs with no difference between ECFCs alone and ECFCs with

nCHSPCs (p<0.008). Representative photomicrographs of tube formation assays comparing

nCHSPCs alone, pCHSPCs alone, ECFCs alone, ECFCs with nCHSPCs, and ECFCs with

pCHSPCs (b).
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Figure 2. Schematic of C32 Melanoma Xenograft Model
Mice were sub-lethally irradiated with 300 rads and human CD34+ cells were then

transplanted into NOD/SCID mice. Following 4 weeks of engraftment, peripheral blood was

analyzed for human CD45 and then C32 melanoma cells were implanted on the flanks of the

humanized mice with tumor growth and CHSPCs both being monitored.
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Figure 3. Mobilization of pCHSPCs (AC133+) into the Peripheral Blood in Mice Harboring C32
Melanoma Xenografts
The CD34+ cells used to repopulate the marrow after sub-lethal irradiation (a). Peripheral

blood, from NOD/SCID mice following transplantation with CD34+ cells was tested in mice

with C32 melanoma xenografts, with representative plots at (b) 5 weeks post CD34+

transplantation/1 week post implantation of C32 cells, (c) 8 weeks post CD34+

transplantation with no C32 implantation, (d) 8 weeks post CD34+ transplantation/4 weeks

post implantation of C32 cells, and (e) 10 weeks post transplantation/6 weeks post

implantation of C32 cells. pCHSPCs (red arrow) are mobilized from the bone marrow into

the peripheral blood following 4 weeks after C32 melanoma flank implantation (pCHSPCs

at week one versus week 4 post-implantation of C32 tumor cells, p<0.005).
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Figure 4. Increased Tumor Volume Following CD34+ Transplantion
NOD/SCID mice were initially sub-lethally irradiated and then injected subcutaneously in

the flank with C32 cells at 4 weeks post CD34+ transplantation. Tumors in mice transplanted

with CD34+ cells were significantly larger than tumors in sham transplanted mice as

indicated by a significant main effect for group in the ANOVA (F[1,60] = 11.2, p < 0.01).

Post-hoc analysis indicated that tumors in CD34+ transplanted mice were significantly larger

beginning on day 31 post-implant (*p<0.05, #p<0.001). Moreover, tumors in CD34+

transplanted mice grew at a significantly faster rate as indicated by a significant group-by-

days interaction (F[9,69] = 6.2, p<0.001).
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Figure 5. Interferon α-2b-Mediated Decreases in the ratio of pCHSPC:nCHSPC in Transplanted
Mice with C32 Melanoma Xenografts
NOD/SCID/γchainnull mice were first transplanted with human CD34+ cells and then the

C32 melanoma was implanted on the flank 4 weeks post-transplantation. Following two

weeks of C32 melanoma unrestricted growth, some mice were treated with Interferon α-2b

(Intron-A; 50,000U × 3 times per week) and tumor volume was measured via caliper over

time (a). There were decreased pCHSPCs in the peripheral blood following Interferon α-2b

treatment (b).
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Table 1
Cytokines Assessed in pCHSPC Conditioned Media

Conditioned media was assayed for a 27-cytokine bio-plex assay. Absolute values for the cytokines are listed

as pg/mL.

Cytokines pCHSPC (pg/mL)

IL-1b

IL-1ra 4.86

IL-2 4.99

IL-4

IL-5

IL-6

IL-7

IL-8

IL-9 7.53

IL-10

IL-12 (p70)

IL-13

IL-15 3.21

IL-17 3.16

Eotaxin 19.38

FGF Basic

G-CSF 5.01

GM-CSF 14.29

INF-g 2.48

IP-10

MCP-1 (MCAF)

MIP-1a

PDGF-bb

MIP1-b 2.07

RANTES 2.16

TNF-a

VEGF 4.37
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Table 2
Time Course of Humanized Mouse Peripheral Blood pCHSPC:nCHSPC ratios

Peripheral blood was drawn at week 1, week 2, and week 4 following implant of C32 melanoma to monitor

the pCHSPC:nCHSPC ratio in response to tumor burden. The peripheral blood pCHSPC:nCHSPC ratio

increased 4 weeks post transplant of C32 melanoma when tumor volume significantly increases.

Week 1 Week 2 Week 4

pCHSPC:nCHSPC Ratio 0.01 0.02 0.70

0.03 0.01 0.63

0.05 0.03 0.76

0.02 0.03 0.93

0.01 0.03 1.72

0.10 0.02 0.77

0.30 0.22 3.15

0.44 0.25 3.67

0.25 0.60

Average: 0.12 0.10 1.44

*
P<0.005

Angiogenesis. Author manuscript; available in PMC 2014 August 11.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Mund et al. Page 19

T
ab

le
 3

C
el

l P
op

ul
at

io
ns

 in
 H

um
an

iz
ed

 M
ic

e 
F

ro
m

 B
on

e 
M

ar
ro

w

N
o 

di
ff

er
en

ce
 w

as
 s

ee
n 

be
tw

ee
n 

th
e 

bo
ne

 m
ar

ro
w

 a
ve

ra
ge

s 
of

 h
um

an
 C

D
45

+
 c

el
ls

 in
 th

os
e 

m
ic

e 
tr

an
sp

la
nt

ed
 w

ith
 h

um
an

 C
D

34
+
 c

el
ls

 w
he

th
er

 th
ey

 h
ad

C
32

 m
el

an
om

a 
im

pl
an

ts
 (

w
ith

 o
r 

w
ith

ou
t t

re
at

m
en

t w
ith

 I
nt

er
fe

ro
n)

 o
r 

hu
m

an
 C

D
34

+
 c

el
l t

ra
ns

pl
an

ta
tio

n 
(a

).
 T

he
re

 w
as

 n
o 

di
ff

er
en

ce
 in

 th
e 

bo
ne

m
ar

ro
w

 p
C

H
SP

C
:n

C
H

SP
C

 r
at

io
s 

fo
r 

m
ic

e 
tr

an
sp

la
nt

ed
 w

ith
 h

um
an

 C
D

34
+
 c

el
ls

 w
ith

 m
el

an
om

a 
im

pl
an

ts
 (

w
ith

 o
r 

w
ith

ou
t t

re
at

m
en

t w
ith

 I
nt

er
fe

ro
n)

,

ho
w

ev
er

 b
ot

h 
po

pu
la

tio
ns

 h
ad

 a
 s

ta
tis

tic
al

ly
 s

ig
ni

fi
ca

nt
 b

on
e 

m
ar

ro
w

 p
C

H
SP

C
:n

C
H

SP
C

 c
om

pa
re

d 
to

 m
ic

e 
tr

an
sp

la
nt

ed
 w

ith
 C

D
34

+
 c

el
ls

 a
lo

ne
 (

b;

p<
0.

01
).

 S
ub

po
pu

la
tio

ns
 (

pC
H

SP
C

/n
C

H
SP

C
) 

ar
e 

th
e 

pe
rc

en
t o

f 
th

e 
to

ta
l l

iv
e 

ce
lls

.

a.

 
C

D
45

+  
P

er
ce

nt
ag

e
C

D
34

 B
M

C
D

34
+C

32
 B

M
C

D
34

+C
32

+l
nt

er
fe

ro
n 

B
M

N
o 

T
x 

B
M

93
.5

82
.8

77
.4

10
.1

89
.4

53
.8

83
.5

10
.5

71
.1

78
.6

82
.3

8.
67

90
.2

69
.5

67
.8

12
.9

75
.3

89
.6

84
.5

9.
09

42
.5

47
.5

88
.5

0.
07

64
.9

86
.2

0.
06

50
.5

54
.4

58 89
.6

 
A

ve
ra

ge
:

77
67

.1
5

77
.2

2
7.

34

b.

*
*

 
pC

H
SP

C
:n

C
H

SP
C

 R
at

io
C

D
34

 B
M

C
D

34
+C

32
 B

M
C

D
34

+C
32

+l
nt

er
fe

ro
n 

B
M

9.
17

/1
3.

7;
 0

.6
7

4.
38

/5
.1

9;
 0

.8
4

3.
21

/3
.7

9;
 0

.8
5

4.
97

/6
.6

7;
 0

.7
5

2.
08

/2
.8

2;
 0

.7
4

2.
78

/3
.4

6;
 0

.8
0

3.
49

/4
.9

8;
 0

.7
0

4.
08

/3
.7

1;
 1

.1
3.

87
/4

.7
5;

 0
.8

1

2.
71

/3
.5

3;
 0

.7
3

2.
9/

3.
45

; 0
.8

4
1.

54
/1

.7
1;

 0
.9

0

3/
5.

22
; 0

.5
7

5.
87

/7
.3

9;
 0

.7
9

3.
23

/3
.6

2;
 0

.8
9

1.
2/

2.
07

; 0
.5

8
5.

48
/6

.8
6;

 0
.8

0
3.

75
/3

.7
1;

 1
.0

Angiogenesis. Author manuscript; available in PMC 2014 August 11.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Mund et al. Page 20

b.

*
*

 
pC

H
SP

C
:n

C
H

SP
C

 R
at

io
C

D
34

 B
M

C
D

34
+C

32
 B

M
C

D
34

+C
32

+l
nt

er
fe

ro
n 

B
M

4.
08

/5
.0

1;
 0

.8
0

3.
66

/4
.7

4;
 0

.7
7

5.
22

/7
.7

20
.6

8
1.

26
/1

.4
6;

 0
.8

6

2.
59

/3
.5

6;
 0

.7
3

3.
04

/3
.3

4;
 0

.9
1

 
A

ve
ra

ge
 R

at
io

:
0.

67
0.

82
0.

85

* P<
0.

01

Angiogenesis. Author manuscript; available in PMC 2014 August 11.


