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Abstract

The development of a hematopoietic reporter is crucial for determining the fate of lineages derived

from cell-based therapies. A marking system will enable safer embryonic stem (ES) and induced

pluripotent stem (iPS) cell-based derivation of blood lineages, and facilitate the development of

efficient cellular reprogramming strategies based on direct fibroblast conversion. Here we report

that the protein tyrosine phosphatase CD45 is an ideal candidate gene on which to base a

hematopoietic reporter. CD45 regulatory elements were discovered by analyzing transcription

factor chromatin occupancy (ChIP-seq) and promoter nuclease sensitivity (DNase-seq) to identify

minimally sufficient sequences required for expression. After cloning the CD45 regulatory

elements into an attenuated lentiviral backbone, we found that two transcriptional initiation

regions were essential for high-level expression. Expressing CD45 promoters containing these

regions and tethered to GFP in a primary B cell differentiation assay and a transplantation model

resulted in high levels of GFP in lymphoid, myeloid and nucleated erythroid cells in mouse and

human blood cell lineages. Moreover, high GFP levels remained five months following secondary

transplantation, indicating persistence of the reporter. No CD45 driven GFP expression is

observed following fibroblast or ES cell transduction. The GFP reporter is seen only after ES cells
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differentiate into hematopoietic cell progenitors and lineages, suggesting that this hematopoietic

reporter system could be useful in validating potential autologous blood cell therapies.

Introduction

An effective treatment regimen for hematologic disease and malignancy has been

challenging due to a lack of suitably-matched donors (1). To circumvent this issue, efforts

have focused on generating hematopoietic stem and progenitor cells (HSPCs) from

embryonic stem (ES) (2, 3) and induced pluripotent (iPS) cells (4, 5). However, the wide-

spread application of pluripotent stem cells is currently hampered by their tumorigenic

potential. A proposed alternative is the direct conversion of fibroblasts into HSPCs and

blood cells (6, 7). Although lineage specification and reconstitution potential are currently

inefficient (6, 7), evidence suggests that improvements in direct hematopoietic

reprogramming could provide a viable strategy for hematopoietic based therapeutics. Aided

by GFP reporters, recent studies demonstrated that overexpression of specific transcription

factors facilitated generation of neurons and cardiomyocytes from fibroblasts (8, 9),

suggesting the conversion of fibroblasts into functional HSPCs was plausible. These studies

highlight the importance of having a reporter system for hematopoietic marking and a

method to track cellular reprogramming.

Since the blood cell therapy field lacks a reliable reporter for hematopoietic production after

differentiation of ES and iPS cells (5, 10), the development of a hematopoietic restricted

marking system is essential. Furthermore, a fluorescent reporter system enables real time

tracking of full reprogramming (11, 12), permits the study of reprogramming intermediates

(13, 14), and may facilitate the eventual use of small molecules for direct reprogramming, as

demonstrated recently for iPS cell derivation (15). Additionally, a reporter construct could

aid in the purification and removal of undifferentiated pluripotent cells to minimize teratoma

formation upon transplantation.

An effective reporter should be inactive in fibroblasts and pluripotent stem cells, but turned

on in the desired reprogrammed cell fate. Transcription factors such as Gata2, Hoxb4 and

Evi1 were previously employed as reporters due to their essential roles in HSPC genesis,

maintenance and/or amplification (16-20). However these reporters were not limited to

blood cell lineages, and this limited their utility (21, 22). Additionally, these transgenes used

in the production of reporter mice (23) cannot be virally introduced into hematopoietic

reconstituting cells because the reporter is too large for the viral backbone (24).

In this study we chose the transmembrane protein CD45 as the foundation for our reporter.

CD45 (also known as Ly-5, B220 and Ptprc) is highly abundant on the cell surface of all

nucleated blood cells, but absent on other cell types (22, 25). This receptor is expressed

early during hematopoietic development (26). CD45 expression increases as HSPCs

differentiate and transcript expression depends on the developmental stage, lineage

specified, and activation state of the cell. Previous work has identified two or more

promoters that initiate transcription from one of two alternate starting exons or the first

intron, with all transcripts sharing a translational start on exon 2 (26). Prior studies

employing retroviral delivery were unable to document CD45 promoter activity using 0.8kb
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and 2.8kb promoter fragments (27). However, Virts et al. showed modest expression of a

CD45 minigene driven by an 839bp DNA element in stably transfected cytotoxic T cells

following drug selection (28). Additionally, a CD45-YFP reporter mouse was created by

Yang et al. that facilitated visualization of hematopoietic cells in vivo (29). This mouse

model enabled genetic tracking studies; but since it was a knockin at the translational

initiator codon, the identification of minimally sufficient reporting elements required for

CD45 marking was precluded. Critically, a virally transducible reporting system that can

mark multilineage human hematopoiesis has not yet been published. Based on regulatory

elements identified using ChIP-seq and DNase-seq data, we demonstrate that CD45

expression is controlled by a small region that is crucial for driving maximal expression of a

GFP transgene. Here we report that CD45 can serve as a highly specific reporter to

efficiently mark multilineage hematopoiesis.

Methods

Cell lines

Mouse hematopoietic progenitor cell (EML), B cell (CH12.LX), nucleated erythroid

progenitor (MEL); and human HSPC (KG1a), B cell (Raji), T cell (Jurkat) and nucleated

erythroid (K562) cell lines were used for initial CD45 reporter testing studies.

Mouse strains

C57BL/6 mice with the CD45.2/ly5.2/Ptprcb haplotype and congenic C57BL/6.SJL mice

with the CD45.1/ly5.1/Ptprca haplotype were obtained from Jackson laboratory. All mouse

experiments were in compliance with protocols approved by the Institutional Animal Use

and Care Committee of the University of Iowa.

RNA isolation and quantitative real-time PCR (qPCR)

Bone marrow was harvested and lysed with 1xBD Pharm Lyse and fresh RNA was isolated

using the Illustra RNAspin Mini RNA Isolation Kit. cDNAs were synthesized using

Promega GoScript™ Reverse Transcriptase according to manufacturer recommendations.

The cDNA products were then diluted 40-fold, and 5μl was used for each qPCR reaction

following amplification with Takara Ex Taq polymerase HS. Primers for CD45, CD34,

Vav1, Myb, Gapdh, and Hprt1 were employed (see Table 1 in Supplemental Methods for

details). Detection was performed with a Biorad CFX96 real-time PCR machine.

Gene expression and regulatory element identification

Please see Supplemental Methods for details.

Reporter construction

The eight truncations of the CD45 promoter region positioned from −164 to +168 of the

transcriptional start site were cloned into the lentiviral vector driving EGFP (please see

supplemental methods for details). For HM1 ES cell transduction, EGFP was replaced with

mCherry to enable co-transduction with a HOXB4-GFP expression cassette.
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Lentivirus production

The lentiviral vector used in these studies has been described previously (24), and contains a

self-inactivated (SIN) long terminal repeat (LTR), Woodchuck hepatitis virus post-

transcriptional Regulatory Element (WPRE) and central polypurine tract (cPPT) to increase

biosafety, full-length RNA production and titer, respectively. Please see Supplemental

Methods for further details.

In vitro B cell differentiation assay

Please see Supplemental Methods for details.

ES cell differentiation

HM1 ES cells harboring a HOXB4-GFP expression cassette (30) were transduced with a

CD45 reporter driving mCherry for 24hr prior to differentiation as previously described (4,

31). Briefly, ES cells were subjected to hanging drop formation in culture for 2 days to form

embryoid bodies (EB), followed by 4 days in suspension. On day 6, the EBs were

dissociated and co-cultured with the OP9 stromal cell line and supplemented with the

hematopoietic cytokines mSCF, mVEGF, hTPO and hFLT3L. At day 10, cells were stained

with antibodies against c-kit, Sca-1, CD45, and Gr-1/Mac-1.

Transplantation

Bone marrow from CD45.1 mice was harvested and lineage depleted with biotin conjugated

monoclonal antibodies (B220, CD4, Gr-1, Mac-1, NK1.1, CD8). Subsequently, cells were

cultured overnight in D-MEM supplemented with 10% FBS, mSCF, hTPO, and hFLT3L.

After 24hr, 1×106 cells were transduced with a multiplicity of infection (MOI) of 30 in the

presence of 8μg/ml polybrene and incubated overnight. Next, 2×105 cells were transplanted

into congenic CD45.2 mice that had been irradiated with a 950 cGy dose. In transplants

receiving supportive bone marrow, 1×104 untransduced cells from the donor were also

supplemented. Secondary transplants received 1×106 bone marrow cells from primary donor

recipients.

Results

Selection of a hematopoietic reporter gene

To find a suitable hematopoietic reporter gene, we examined gene candidates that were

highly expressed in bone marrow cells, but excluded in other cell types. By mining

publically available expression profiling data (22, 32), we evaluated the levels of well-

established hematopoietic markers, including CD45, CD34, Myb, and Vav1. The expression

of these candidates was verified by qRT-PCR, as shown in Figure 1A. CD45 levels were as

anticipated significantly higher than any of the other genes, since this protein makes up

approximately ten percent of protein on the surface of hematopoietic cells (33). Importantly,

CD45 levels were high in a panel of mouse and human blood cell lineages that included

representatives of the lymphoid, myeloid and nucleated erythroid compartments, as well as

the multipotent progenitors and HSPCs that specify these cell types (Figure 1B and Supp

Figure 1). Levels of the hemato-endothelial marker Vav1 were approximately 10-fold lower

Duong et al. Page 4

Exp Hematol. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



than CD45 in all mouse and human hematopoietic lineages (Figure 1A). CD34 is a marker

widely used for human HSPC isolation (34); however, our initial study using reporters based

on CD34 and Sca-1 promoter showed that their promoters were not as strong and as tissue

specific when compared to CD45 (results not shown). The data suggested that CD45 was a

strong hematopoietic reporter candidate.

CD45 gene regulatory element identification

Next, we analyzed global transcription factor occupancy following ChIP-seq and open

chromatin from DNase-seq to discover the regulatory elements that controlled CD45

expression in the mouse (Figure 1C and Supp Figure 2) and human CD45 gene (Supp Figure

3). DNase hypersensitivity sites (HS), transcription factor and RNA polymerase II chromatin

occupancy, and the histone H3 lysine 4 trimethylation (H3K4me3) mark for gene activation

were determined in mature and progenitor B cell subsets, unstimulated T cells, nucleated

erythroid cells (MEL), and a CD34 positive multipotent myeloid progenitor cell (416B) line

(Figure 1C).

We focused our attention on the strong HS observed at the proximal promoter region

encompassing the downstream alternate exon 1 as this is where expression of most CD45

transcription initiates from. We identified HS and chromatin occupancy of essential

hematopoietic transcription factors that mark the CD45 core promoter region and overlap

exon 1 and intron 1, (Figure 1C). PU.1, GATA1, c-Myb, Mafk and Mxi1 are all well-known

regulators of multilineage blood cell specification and their high level enrichment can be

observed at this region. GATA2, Tal1, and other regulators of HSPC specification were also

found enriched within the CD45 gene and proximal promoter region (Supp Figure 2).

Significant Pol2 and TATA-binding protein (TBP) occupancy was observed as expected and

helped define the critical promoter for analysis. Collectively, the DNase-seq and ChIP-seq

data confirmed that the region of interest most crucial for our CD45 reporter is largely

confined to exon 1 and the first intron.

CD45 promoters efficiently mark mouse hematopoietic cells

We constructed lentiviral GFP reporters with 8 different CD45 promoter truncations to

determine the minimal regulatory element configuration required to mark hematopoietic

cells (Figure 2A). The regulatory region spanning promoters P1b, intron 1 and P2 (−164 to

+168; −164/+168) contained dual PU.1, c-Myb and GATA binding sites, as well as other

critical regulatory footprints. We used our same lentiviral transduction system employed

previously for long-term (5-7 months) in vivo GFP marking and delivery of therapeutic

protein (24, 35). To test CD45 promoter strength we used a hematopoietic progenitor cell

(EML), B cell (CH12.LX), and an erythroid progenitor (MEL) cell line. EML and CH12.LX

lines are notoriously difficult to transduce, but we were able to demonstrate high level

marking in both lines that could be readily detected by fluorescence microscopy (Figure

2B). Following reporter introduction into the multipotent progenitor, B cell and erythroid

cell lines, the eight CD45 reporters regions resulted in similar frequencies of GFP positivity

(Supp Figure 4), but notable differences in GFP mean fluorescence intensity (MFI) levels

emerged that enabled us to better assess promoter activity. Flow cytometric analysis

demonstrated that constructs consisting of regions −164 to +99 (−164/+99), −164 to +168
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(−164/+168) and −112 to +168 (−112/+168) had the highest GFP intensity (Figure 2C-E).

Minimal constructs, including reporters with promoters comprising only −112 to +4 or −99

to +4, were less efficient in promoting high GFP levels. We also stained the mouse

lymphoid (CH12LX) and HPC (EML) cells with a CD45 antibody to corroborate that these

lines express CD45 at a high level. Although 95-99 percent of the cells expressed CD45,

levels of marking only reached a level of 92 percent for the lymphoid line and a more

modest level for HPCs (Supp Figure 5), likely reflecting incomplete transduction in these

cell lines. Our findings corroborate the requirement for sequences that are bound by

GATA1, c-Myb, Mafk, Mxi and PU.1 (36) to enable maximal promoter strength and GFP

marking (see Figure 1C).

CD45 promoter activity is evolutionarily conserved in human hematopoietic cells

Since the CD45 promoter region of study is well-conserved, we tested the efficiency of

reporter marking in human cells. The eight CD45 reporters were used to transduce human

multipotent progenitor (KG-1), nucleated erythroid (K562), T cell (Jurkat) and B cell (Raji)

lines (Figure 3, Supp Figures 6 and 7). Constructs lacking upstream and/or downstream

regulatory elements were generally weaker across the different cell lines. Regions between

−164 to +99, and −164 to +168 delivered maximal GFP levels, confirming the trend

observed in mouse cell lines. The downstream PU.1 site and transcription factor binding

sites resident in exon 1b were essential for maximal GFP expression. To ensure that our

hematopoietic reporters would be suitable for human cellular reprogramming strategies, we

replaced the mouse promoter sequence (−164 to +168) with the human promoter element

following a multi-vertebrate species alignment (data not shown). We used the human CD45

reporter to transduce the human multipotent progenitor and B cell lines (Supp Figure 7,

panels E-F). GFP levels observed were comparable to or exceeding those documented

following transduction with the mouse reporters. We note that reporter strength may be

underestimated due to lower CD45 promoter outputs from several of the human cell lines we

used here, as documented by their lower CD45 expression levels (see Supp Fig 1).

Collectively, marking measured by GFP intensity exhibited a similar trend to the mouse cell

lines, indicating that the regulatory elements utilized are evolutionarily conserved.

CD45 reporter is active in primary myeloid and lymphoid blood cell lineages

Based on our results from transduction of hematopoietic cell lines, we selected the - 164/+99

promoter driven CD45 reporter to assess reporting in a primary B cell culture derived from

mouse BM as illustrated in Figure 4A. The enriched HSPCs from BM were transduced and

stimulated with cytokines to differentiate them into myeloid and lymphoid lineages (37, 38).

After 10 days, B cells (B220), pro-B cells (CD19), and myeloid cells (Gr-1/Ma-1) were

assessed. High-level GFP marking and expression were observed with the CD45 reporters

via confocal microscope (Figure 4B). The reporter marked approximately 70% of these cells

as seen in the first panel of Figure 4C. This population was subgated to show 94% of the

cells were Gr-1/Mac-1 positive (myeloid markers) in the middle panel. The remaining Gr-1/

Mac-1 negative cells were B220 and CD19 positive. The reporter transduced cells exhibited

the strong GFP levels that would be required for an effective reporter. To promote robust B

cell differentiation, SCF was removed from the culture medium. At day 24 these cells were

assayed again for B cell identity; as expected, complete B cell differentiation was observed.
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The ratio of GFP positivity remained unchanged with the exception that there was a much

better separation between the non-transduced cells (negative), and transduced cells

(positive). All of the GFP positive cells were mature B cells, as demonstrated by double

positivity for B220 and CD19 (Figure 4D). The data suggest efficient reporting in primary B

cells.

CD45 promoter activity is restricted to hematopoietic cells

To validate the tissue specificity of our CD45 reporter activity, we transduced fibroblasts

and ES cells; neither should be permissive for CD45 reporting potential based on gene

expression analyses (see Figure 1). These cell types were selected because they are the

substrate for direct reprogramming (6, 7) and pluripotent cell based differentiation (2, 3),

respectively. After a 48 hour transduction period, cells were assayed for GFP expression

using FACS. Transduction of mouse embryonic fibroblasts (MEF) with a ubiquitous CMV

promoter at low multiplicities of infection (MOI 1) typically used in reprogramming

experiments resulted in approximately 40% marking (Figure 5B). In contrast, our strongest

CD45 reporter did not result in marking above baseline levels even 5 days post transduction

(data not shown). Similarly, no evidence of GFP marking was observed by the CD45

reporter in ES cells (Figure 5C, compare CMV driven EGFP in the top right and CD45 in

the bottom panels). To further demonstrate that CD45 promoter activity is restricted to blood

cell lineages, ES cells that were transduced with the CD45 reporter were differentiated into

HSPCs via embryoid body formation and subsequent OP9 stromal line co-cultivation

(Figure 5D). Following EB formation and 10 days on OP9, cells were assayed for the

presence of the cell surface hematopoietic markers Sca-1, c-Kit, CD45, and Gr-1/Mac-1.

Sca-1 and c-Kit expression represents enrichment of HSPCs and Gr-1/Mac-1 serves as the

predominant marker of the myeloid lineage. Prior to differentiation, these ES cells were

transduced with HOXB4-GFP for increasing hematopoietic specification following

differentiation. The HOXB4-GFP marker also facilitates isolation of ES cell derived

lineages from the OP9 stromal layer. Since the GFP marker was embedded in the HOXB4

expression cassette, we employed an mCherry reporter to detect CD45 positivity in these

experiments. HOXB4-GFP transduced cells were then subgated on mCherry and assessed

for lineage marker expression. At this early time point approximately 27% of transduced

cells were mCherry positive and these cells exhibited significant marking for Sca-1, c-kit,

CD45, and Gr-1/Mac-1. These results highlight the multilineage marking capability of the

CD45 reporter after ES cells are differentiated.

CD45 reporters efficiently mark blood cells following transplantation

To confirm that our CD45 reporter could effectively mark multilineage hematopoiesis in

vivo, bone marrow from CD45.1 mice (C57BL/6.SJL) was harvested and enriched for

HSPCs. We transduced lineage depleted HSPCs with the three strongest CD45 reporters. As

expected, approximately seven percent of our lineage negative population exhibited double

positivity for Sca1 and c-Kit (Supp Figure 8), confirming enrichment of an HSPC

population. HSPCs were injected into lethally irradiated CD45.2 mice, and reconstituted the

host blood system by 4 weeks post transplantation (Figure 6). For our initial experiments we

supplemented CD45 reporter transduced HSPCs with non-transduced supportive bone

marrow to facilitate full transplant recovery. This resulted in an approximate 50% dilution of
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candidate cells available for GFP marking. Following reconstitution, approximately 50% of

host peripheral blood cells were from the donor (CD45.1+), and out of this population GFP

marking remained high 5 months post transplantation in T lymphocytes, myeloid cells

(Gr-1/Mac-1), nucleated erythroid cells (Ter119) and B lymphocytes (B220). This

percentage of marking was even higher in reconstitution experiments performed without the

addition of non-transduced supportive bone marrow, resulting in persistent GFP labeling as

high as 98% of cells in the peripheral blood of reconstituted recipients (see the lower left

panel of Figure 6D and Supp Figure 8C). The CD45 promoter was also able to support

erythroid (Ter119), myeloid (Gr-1/Mac-1), and lymphoid (B220/CD3ε) lineage marking in

the bone marrow, spleen and thymus as indicated in Figure 7, confirming that CD45

promoter elements contained within our reporter are sufficient to reliably mark

hematopoiesis in lymphoid, myeloid and nucleated erythroid blood cells. To show long term

marking, CD45 reporter transduced bone marrow from primary recipients was harvested and

transplanted into sublethally irradiated secondary recipients. Again, significant

reconstitution was achieved with GFP levels remaining high (95-98%) for up to 22 weeks

post-transplant (Figure 7D and Supp Figure 9). This result demonstrates the utility of the

CD45 reporting system to serve as an efficient method for documenting stable long-term

hematopoietic specification in vivo.

Discussion

All other direct reprogramming platforms have relied on a GFP reporter to assess cellular

respecification, clonality, and the efficiency of reprogramming (8, 9, 39), corroborating the

utility of this strategy for blood cell derivation. We considered Sca-1 and CD34 gene

regulatory elements (unpublished results) as the foundation for our reporter, but they were

either not tissue specific, were not expressed in all blood cell lineages (42), or lacked

marking strength. In contrast, CD45 was exquisitely restricted to blood cell lineages (Figure

1B and reference 24), making it the most viable candidate that we investigated.

Here we refined efforts from previous studies (26, 27) to locate critical CD45 regulatory

elements and identified a 300bp region based on binding signatures for TBP and the blood

cell specific transcription factors PU.1, GATA1, c-Myb, MafK and Mxi1. Our results

showed that constructs spanning from −164 to +99 of the promoter region drove the highest

GFP levels in murine and human cell lines (Figures 2 and 3); this confirms regulatory

element activity within this gene promoter is well conserved in mammals. PU.1, Myb,

CEBPα/β and GATA binding footprints are required for maximal marking of hematopoietic

cells in vivo, supporting the contribution of these critical transcription factors for blood cell

specification. This is the first analysis to employ ChIP-seq and DNase-seq for fine mapping

and identifying DNA elements sufficient for a lineage specific reporter. Importantly, our

reporter is small enough that it can be delivered by traditional lentiviral gene transfer or

other genome editing approaches (24, 40).

Using ubiquitous promoters and a high MOI have been fairly effective (25-86% marking) in

transducing blood cells in the past (35, 41). However, our blood cell restricted system

completely marked the hematopoietic compartment when no additional non-transduced

supportive bone marrow was given with the HSPC transplants (98%; see Figure 6D, Supp
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Figure 8C and Supp Figure 9). We also see high level marking in the spleen, thymus, and

bone marrow. Our in vivo analyses demonstrated that the lentiviral CD45 reporter marked

blood cells persistently without silencing, evidenced by the robust staining of hematopoietic

cells 22 weeks post-secondary transplantation. This has been accomplished using a

methodology that results in a significantly lower viral load (24). Importantly, the CD45

reporter is not active in ES cells, and is only activated after these cells had become blood

cells (Figure 5). We acknowledge that in transplants receiving only transduced cells there

was a minority of cells that did not express GFP. We surmise this is a result of incomplete

transduction of the HSPC pool due to our low MOI since the marking levels we observed

were persistent across early and late timepoints post-transplantation. The marking efficiency

of 98% in one transplant (Figure 6D) implies that silencing, if observed, is not a

predominant phenomenon of our lentiviral reporter. Our results suggest that the CD45

reporter system can be used monitor the efficiency of blood cell differentiation from

pluripotent cells, to exclude undifferentiated cells from hematopoietic engraftment, and to

serve as a simple strategy to follow blood cell transplantation kinetics and persistence via

bioluminescence by tethering CD45 regulatory elements to luciferase (42, 43). The reporter

can also facilitate tracking of normal and malignant lymphoid cells to interrogate the effects

of a genetic loss or gain of function in mouse models following adoptive transfer (44).

Additionally, TALEN or CRISPR-Cas9 (40) nucleases can be used to introduce this

reporter, together with polycistronic reprogramming vectors, into genomic safe harbors (45).

Finally, hematopoietic marking can be coupled with a potent suicide gene we have used

previously (46), when driven by a pluripotency gene promoter, to selectively destroy

undifferentiated cells and further augment levels of biosafety. With the recent derivation of

naïve pluripotent human ES and iPS cell lines that exhibit characteristics of ground state

pluripotency (47), it should now be more feasible to generate functional adult hematopoietic

cells for the treatment of human blood diseases using this CD45-based GFP marking system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hematopoietic reporter candidates, CD45 regulatory element discovery and promoter
characterization
(A) Quantitative real-time PCR (qRT-PCR) expression levels of highly hematopoietic or

hemato-endothelial (Vav1) enriched genes. Murine embryonic fibroblasts (MEF),

embryonic stem (ES) cells and whole bone marrow were analyzed. Levels were normalized

to Hprt and Gapdh. (B) Affymetrix array measured CD45 expression levels in hematopoietic

progenitor and differentiated cell lineages. Kit+, lineage-, Sca-1+ (KLS), Common myeloid

progenitor (CMP), Granulocyte-macrophage progenitor (GMP), and Megakaryocyte-

erythroid progenitors (MEP) are also indicated. Embryonic stem (ES) and murine embryonic

fibroblasts (MEF) are included as non-hematopoietic lineages that do not express CD45. (C)
The full-length CD45 gene with its two most common alternative transcripts is shown in the

top panel, and an enlarged view of the proximal promoter region can be seen at the bottom.

Exons 1b and 2 are drawn as blue boxes. The region mapped for promoter activity spanning

−164 to +168 (−164/+168) is shown with a green line over it. Only the 15 HS that were

shared among 3 or more of the 6 cell lines with DNase-seq data are shown. Of these 15 HS,

6 were shared across all 6 lines, and all but 1 were shared by 4 or more cell linesVertebrate

conservation and Affymetrix exon array enrichment for hematopoietic tissues (labeled

Transcription) are indicated immediately below the gene structure, with lines in red

depicting high-level expression. Hematopoietic cell regulatory elements marked by DNase

hypersensitivity (HS) and transcription factor occupancy were obtained from ChIP-seq data.

HS are marked by arrows.
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Figure 2. CD45 reporters mark mouse hematopoietic cell lines
(A): Promoter design scheme is shown for CD45 reporter truncations based upon critical

transcription factor binding sites. (B): Lentiviral vector design (top) used to transduce cells

is shown. Representative images of a transduced B cell line following bright field and

fluorescence microscopy (bottom) are depicted. The geometric mean was used to measure

MFI, and GFP levels are normalized to mock as presented. (C): lymphoid B cell line

(CH12Lx), (D): hematopoietic progenitor cell (HPC) line (EML), and (E): nucleated

erythroid cell line (MEL). Transductions were done in duplicate and repeated with a

minimum of 3 independent times. Abbreviations: MFI, mean fluorescence intensity; GFP,

green fluorescent protein.
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Figure 3. CD45 reporters mark human hematopoietic cell lines
(A): Normalized MFI calculated from flow cytometry for erythroid, (B): HPC, (C): B cell

(C), and (D): T cell lines. Transductions were done in duplicate and repeated a minimum of

3 independent times. Abbreviations: MFI, mean fluorescence intensity; HPC, hematopoietic

progenitor cell.
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Figure 4. CD45 promoter enables primary myeloid and lymphoid cell reporting
(A): Schematic of in vitro B cell differentiation assay. Mouse BM was isolated, lineage

depleted, and stimulated with cytokines for the generation of myeloid cells (day 10) and B

cells (day 20). (B): Mock and CD45 reporter fluorescent images were captured at 20X

magnification with a confocal microscope. (C): Bone marrow derived B cell differentiation

assay was used to document Gr-1/Mac-1 (myeloid), and B220/CD19 (lymphoid) surface

staining 10 days following transduction. Cells were gated first for GFP positivity and

subsequently this population was sub-gated (red arrows) for myeloid (Gr-1/Mac-1) and

lymphoid (B220/CD19) lineages. (D): By day 24 of B cell differentiation, a uniform

population of CD19 and B220 double positive B cells can be observed. Abbreviations: BM,

bone marrow.
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Figure 5. CD45-based hematopoietic reporter is not active in ES cells and fibroblasts
(A): ES cells with mock (panels a, b), ubiquitous (CMV-GFP; panels c, d) or hematopoietic

lineage restricted (CD45-GFP (−164/+99 construct); panels e, f) reporter transduction

following brightfield (panels a, c, e) and fluorescent (panels b, d, f) imaging. (B): Flow

cytometric measurement of MEFs and (C): ES cells following transduction with the

designated lentiviral reporters. Note the lack of ES cell GFP fluorescence with the CD45

reporter. (D): HPC generation from ES cells. The strategy for ES cell differentiation is

shown on the left. Sca-1, c-Kit, CD45 and Gr-1/Mac-1 surface staining (right) on HPCs and

hematopoietic lineages following CD45 reporter (mCherry) and HOXB4-GFP transduction

of ES cells. Mock (top) and −164/+99 CD45 reporters (bottom) are shown. These cells were

analyzed at day 10 following co-culture on OP9 stromal cells. GFP positive cells were sub-

gated for mCherry positivity. Abbreviations: ES, embryonic stem; MEF, murine embryonic

fibroblast; HPC, hematopoietic progenitor cell; mCherry, monomeric cherry fluorescent

protein.
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Figure 6. CD45 reporter marks persistent hematopoiesis following transplantation
(A): Transplantation scheme showing HSPCs derived from CD45.1 strain being transduced

with a CD45 reporter followed by transplantation into irradiated congenic CD45.2

recipients. (B): Peripheral blood stained for CD45.1 to determine chimerism in recipient

mice that received CD45.1 HSPCs from mock transduced (n=5) and CD45-GFP (n=5)

lentiviral reporter constructs. Error bars represent standard deviation. *** represents a

statically significant 2 way ANOVA test with p<0.001. (C): Peripheral blood staining at 20

weeks with antibodies detecting CD3ε (T lymphocytes), Gr-1/Mac-1 (granulocytes and

macrophages), Ter119 (erythroid progenitors), and B220 (B lymphocytes). Approximately

50% chimerism resulted following transplantation, and the first panel represents donor

(CD45.1) cells. The fraction of GFP positivity for each lineage derived from CD45.1 HSPCs

is indicated in the pink square box. The positive population for CD45.1 was further sub-

gated to determine the percentage of cells representing myeloid and lymphoid lineages. (D):
Same as in (C) except following HSPC transplantation without non-transduced supportive

bone marrow. Abbreviation: ANOVA, analysis of variance between groups; HSPC,

hematopoietic stem and progenitor cell.
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Figure 7. CD45 reporter marks blood cell formation in bone marrow and secondary
hematopoietic organs, and persists in secondary transplants
(A): Surface staining on cells of the spleen, (B): thymus, and (C): bone marrow 22 weeks

following secondary transplantation. At this time point over 80% of cells come from the

donor (CD45.1). High frequency, multilineage marking with the CD45 reporter can be

observed. (D) Bone marrow of primary transplant recipient mice was transplanted into

secondary CD45.2 recipients. Peripheral blood staining at three weeks post-transplant time

shows reconstitution with approximately 95% of CD45.1 cells exhibiting GFP positivity at

22 weeks post-transplantation.
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Table 1
List of primers used in this study

Reporter construction primers (AttB sequences in red, genomic hybridizing sequences in blue)

CD45 prom −164 AttB1-F ggggacaagtttgtacaaaaaagcaggcttacctttagaggaaaattgagacga

CD45 prom +168 AttB2-R ggggaccactttgtacaagaaagctgggtaaataatggttatctctcttgaagtttg

Quantitative real-time PCR primers

CD34 qRT-PCR-F ggtagctctctgcctgatgagt

CD34 qRT-PCR-R ttggtaggaactgatggggata

CD45 qRT-PCR-F ggcagatgatattccaaagaaa

CD45 qRT-PCR-R atctccacttccatgtctccat

Myb qRT-PCR-F gagatgtgtgaccatgactacga

Myb qRT-PCR-R gttctgttccaccagcttcttc

Vav1 qRT-PCR-F gcagtgaactctttgaggcttt

Vav1 qRT-PCR-R gattcctttgttctgggcaat

Hprt1 qRT-PCR-F aactttgctttccctggttaa

Hprt1 qRT-PCR-R tcaagggcatatccaacaaca

Gapdh qRT-PCR-F tgtgtccgtcgtggatctga

Gapdh qRT-PCR-R cctgcttcaccaccttcttga

Lentiviral vector titering primers

LV WPRE-F accacctgtcagctcctttc

LV WPRE-R caacaccacggaattgtcagt

LV VSV-G-F ccattattgcccgtcaagctc

LV VSV-G-R ggagtgaaggatcggatggact

LV gag-F atgggtgcgagagcgtcagt

LV gag-R caggccaggattaactgcga
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