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Abstract

BACKGROUND—Activation of protease-activated receptor 1 (PAR1) by either thrombin or 

activated protein C (aPC) differentially regulate the quiescence and bone marrow (BM) retention 

of hematopoietic stem cells (HSC). Murine HSC co-express Thbd, PAR1, and EPCR, suggesting 

that HSC sustain quiescence in a quasi-cell autonomous manner; due to the binding of thrombin 

present in the microenvironment to Thbd, activation of EPCR-bound protein C by the thrombin-

Thbd-complex, and subsequent activation of PAR1 by the aPC-EPCR complex.

OBJECTIVE—To determine the role of Thbd expression on HSC for sustaining stem cell 

quiescence and BM retention under homeostatic conditions.

METHODS—HSC function was analyzed in mice with constitutive or temporally controlled 

complete Thbd-deficiency by flow cytometry, functional assays, and single cell RNA profiling.

RESULTS—Thbd was expressed in mouse, but not human HSC, progenitors, and immature B 

cells. Expression in vascular endothelium was conserved in humans BM. Mice with constitutive 

Thbd deficiency had a normal peripheral blood profile, altered BM morphology, reduced numbers 

of progenitors and immature B-cells, pronounced extramedullary hematopoiesis, increased HSC 

frequency and marginally altered transcriptionally defined HSC stemness. Transplantation 

experiments indicated near normal engraftment and repopulating ability of Thbd-deficient HSC. 

Transgenic aPC supplementation normalized BM histopathology and HSC abundance, and 

partially restored transcriptional stemness, but had no effect on B cell progenitors and 

extramedullary hematopoiesis. Temporally controlled Thbd gene ablation in adult mice did not 

cause the above abnormalities.
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CONCLUSION—Thbd expression on HSPC has minor effects on homeostatic hematopoiesis in 

mice, and is not conserved in humans.
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Introduction

Several lines of evidence indicate that the activation state of the blood coagulation system 

affects the function of hematopoietic stem and progenitor cells (HSPC; reviewed in[1]). 

Thrombin-cleaved osteopontin regulates the proliferation, differentiation, and bone marrow 

(BM) retention of HSPC by activating β1 integrins[2, 3]; and thrombin-mediated activation 

of complement factor C5 augments the G-CSF-induced mobilization of HSPC[4, 5]. Factor 

VIII-deficient mice with reduced capacity for generating thrombin show enhanced HSC 

mobilization by G-CSF, but diminished abundance of HSC with long-term repopulating 

activity (LT-HSC), likely caused by diminished signaling via the thrombin receptor, protease 

activated receptor 1 (PAR1), on BM stromal cells[6]. Both FVIII- and PAR1-knockout mice 

showed decreased bone mass, aberrant BM architecture, and diminished BM plasma levels 

of CXCL12 protein[6], which is required for BM retention of HSC[7]. Experimental 

infusion of excess thrombin triggered HSC egress from the BM, via PAR1 activation on 

stromal cells and/or HSC[8]. HSC retention in the BM was spontaneously enhanced in mice 

with low expression of the endothelial protein C receptor, EPCR (gene symbol: Procr), and 

in mice lacking PAR1 (PAR1NULL). This suggested, first, that BM retention and quiescence 

of HSC are regulated by differential PAR1activation by either thrombin or activated protein 

C (aPC), where PAR1 activation by the aPC-EPCR complex promotes retention and 

quiescence, whereas thrombin-PAR1 signaling promotes HSC depletion from the BM, 

increased nitrous oxide (NO) production, and shedding of EPCR[8]. Second, these data 

indicated that low levels of thrombin generated constitutively in the HSC microenvironment 

provide physiologically relevant modulation of HSPC function via aPC-biased PAR1 

signaling in the absence of additional hematopoietic stress signals. The balance of thrombin- 

versus aPC-biased PAR1 signaling is largely determined by the bioavailability and activity 

of the essential co-factor for the thrombin-mediated activation of protein C, Thbd. Mouse 

HSC co-express EPCR, PAR1, and Thbd[8], and therefore have the capacity to sustain Thbd/

thrombin-mediated aPC generation and constitutive aPC-EPCR-PAR1 signaling in a quasi-

autocrine manner. Consistent with this notion, mice with reduced capacity for protein C 

activation due to a point mutation in Thbd (ThbdPRO-mice) were reported to exhibit a 

spontaneous loss of HSC from the BM under homeostatic conditions. i.e. in the absence of 

acute experimental challenges such as infusion of thrombin;[8]. Here, we further investigate 

the function of Thbd expression on HSC in steady-state hematopoiesis in mice.

Materials And Methods

Mice:

C57BL/6N, C57BL/6J, and B6.SJL-Ptprcapepcb/BoyJ mice were from Charles River 

Laboratories (Wilmington, MA) and Jackson Laboratories (Bar Harbor, ME). Cpb2-deficient 
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mice, Meox2Cre-ThbdDEL, ERCre-ThbdDEL and APCHI-mice were described[9, 10]. Except 

for Cpb2-defcient mice (C57BL/6J), mice were on a C57Bl/6N background. Animals were 

housed in the specific pathogen-free facility of Translational Biomedical Research Center of 

the Medical College of Wisconsin, and HSPC analyses were performed approximately 2h 

after the initiation of the light cycle[11]. Procedures were approved by the Medical College 

of Wisconsin Institutional Animal Care and Use Committee.

Human samples:

Whole BM and GCSF-mobilized peripheral blood mononuclear cells from healthy human 

subjects were purchased from All Cells (Alameda, CA). BM sections were collected with 

approval by the Medical College of Wisconsin’s Institutional Review Board (PRO00025731) 

from archived formalin fixed trephine BM biopsies from adult patients with hematologic 

malignancies (Thbd-stained sample: diffuse large B cell lymphoma; marrow without 

evidence of malignancy on clinical hematopathologist review. EPCR-stained sample: 

primary myelofibrosis).

Reagents:

Anti- mouse Ter119-BV421, Sca-1-APC, CD34-FITC, CD135-PE, IL-7Ra-BV605, CD48-

FITC, CD150-PE Cy7, CD45.2-Alexa Fluor 700/APC Cy7, CD11b-BV605, CD3-APC, 

NK1.1-APC Cy7, CD19-BV605, IgM-Alexa Fluor 647, CD43-PE Cy7, CD16/32-PerCP 

Cy5.5, CD16/32; anti-human CD34-APC Cy7 (clone: 581), CD38-PE Cy7 (HB-7), 

CD45RA-BV 605 (HI100), CD90-APC (5E10), CD49f-PerCP Cy5.5 (GoH3), CD45-PE/

Dazzle 594 (HI30), and CD33-APC (P67.6) antibodies; and Legendplex™ Mouse 

Inflammation Panel (13-plex) and Mouse IL-6 ELISA were purchased from Biolegend (San 

Diego, CA). IL6 depleting AB (clone MP5–20F3) from BioXCell (West Lebanon, NH).

Anti-mouse c-Kit-PE Cy7, Mouse Hematopoietic Lineage Biotin Panel, and anti-human 

CD19-Alexa Fluor 700 (HIB19) from eBioscience (San Diego, CA). Anti-B220-PE CF594 

from BD biosciences (San Jose, CA). EasySep Human Progenitor Cell Enrichment Kit from 

Stem Cell Technologies Inc. (Vancouver, BC). Anti-human EPCR-FITC (RCR-49) from 

Santa Cruz Biotechnology®, inc. (Dallas, TX). Anti-human CD141-PE (AD5–14H12) from 

Miltenyi Biotec Inc. (Auburn, CA).

Flow cytometry:

Single cell suspension from BM (femur and tibia) were prepared by flushing cells, and 

passing through an 18 G needle. Spleen single cell suspensions were prepared by mincing on 

70 μm nylon mesh cell strainer. Cells were labeled with antibodies followed by incubation 

with anti-CD16/32 (Fc-block) or anti-CD16/32-PerCP Cy5.5 (for mouse precursor analysis). 

Lineage- (Ter119, B220, CD3, Gr1) negative mouse HSPC populations were characterized 

as MPP: LSK-CD34POSCD135POS; CLP: LinNEGSca-1LOc-KitLOIL7RaPOS; CMP: 

LinNEGSca-1NEGc-KitPOSCD34POSCD16/32NEG; GMP: LinNEGSca-1NEGc-

KitPOSCD34POSCD16/32POS; MEP: LinNEGSca-1NEGc-KitPOSCD34NEGCD16/32NEG. Pro-

B: CD19POSB220LOIgMNEGCD43POS; pre-B: CD19POSB220LOIgMNEGCD43NEG; 

immature B: CD19POSB220LOIgMPOS; mature B: CD19POSB220HIIgMPOS. Human BM 

and GCSF-mobilized peripheral blood mononuclear cells were enriched for progenitors by 
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using EasySep Human Progenitor Cell Enrichment Kit (StemCell Technologies, Vancouver, 

BC), and characterized by expression of CD34, CD38, CD45RA, CD90, CD49f as 

described[12].

Colony forming assay:

Immediately after euthanasia, single cell suspension from BM or spleen in Iscove’s MDM / 

2% FBS (Stem Cell Technologies; Vancouver, BC) were prepared and enumerated using a 

SCil Veterinarian ABC Hematology Analyzer (Gurnee, IL). Cells were plated at a density of 

4 × 104 (BM) or 4 × 105 cells (spleen) per 35 mm tissue culture dish in granulocytic 

precursor-specific methylcellulose (Catalog #: M3534; Stem Cell Technologies; Vancouver, 

BC). CFU-GM were determined 7–10-days after plating.

Immunohistochemistry:

Rehydrated Paraffin-embedded sections were treated for 30 minutes (steam) in Epitope 

Unmasking Solution (BioWorld; Dublin, OH), blocked with a 4:4:1:2 mixture of Tris-

buffered saline, NoProteinBlock (VWR, Radnor, PA), Innovex FC Receptor Block (Fisher, 

Pittsburgh, PA), and 2.5% Horse serum (Vector labs, Burlingame, CA), and incubated at 4°C 

overnight with primary antibodies (sheep anti-human Thbd: AF3947; goat anti-mouse Thbd: 

AF3894; goat anti-human EPCR: AF2245; R&D Systems, Minneapolis, MN; goat-anti 

mouse EPCR; kind gift from Dr. Charles Esmon, Oklahoma Medical Research Foundation, 

Oklahoma City, OK) diluted in blocking solution. Samples were incubated at 37°C for thirty 

minutes with secondary antibodies (donkey anti-goat IgG Alexa Fluor 488 (#A-11055) and 

donkey anti-sheep IgG Alexa Flour 594 (#A-11016), Invitrogen/Life Technologies; 

Waltham, MA; ImmPRESS horseradish peroxidase (HRP)-conjugated horse anti-Goat IgG 

Polymer Detection Kit, #MP-7405; or donkey anti-goat HRP conjugate and detection with 

ImmPACT NovaRED Peroxidase (HRP) substrate; Vector Laboratories, Burlingame, CA). 

Images were captured on a Nikon Eclipse E600 microscope equipped with a Diagnostic 

Instruments Color Mosaic 11.2 digital camera and Plan Fluor 20x (057802) objective. 

Immunofluorescence was imaged using a Nikon Ti-2 E inverted microscope with CFI Plan 

APO Lambda 20x and CFI Plan APO Lambda 40x objectives. Images were optimized for 

reproduction by adjusting brightness using Powerpoint Utilities (Microsoft) without further 

modifications.

BM transplantation:

Mixed BM chimera mice were generated by intravenous infusion of 1 × 106 CD45.1 BM 

cells together with either 1 × 106 Thbd-null, or 1 × 106 Thbdlox/+ BM cells (CD45.2) into 

lethally irradiated (9 Gy; single dose, GammaCell 40, MDS Nordion) congenic CD45.1 

C57/BoyJ recipient mice 20h after irradiation. Drinking water for recipients was 

supplemented with 1.25 mg/mL of sulfadiazine/trimethoprim for 4 weeks and the flow 

cytometric analyses were performed after 12–16 weeks.

Single Cell RNA Sequencing and Bioinformatics Analysis:

Single-cell RNA-sequencing libraries were prepared from sorted LSK cells using the 

Chromium Controller and Single Cell 3′ v2 Reagent Kit (10x Genomics) according to 
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manufacturer’s protocol, and sequenced on an Illumina NextSeq 500 with the NextSeq 

500/550 High Output Kit v2 (Ilumina, San Diego, CA; 150 cycles; read1 26 cycles, read 2 

98 cycles, i7 index 8 cycles). Demultiplexing, alignement to the Mus musculus mm10 

genome, and UMI sums for each gene were quantified using 10X Genomics Cell Ranger 

v2.2.0. Filtered barcode matrix files were imported into the Seurat v2.3.4 single cell analysis 

package[13] using R v3.5.2 (R Core Team, 2018; http://www.R-project.org/). Cells 

expressing fewer than 200 genes, cells with >7.5% contribution of mitochondrial genes, and 

genes expressed in fewer than 3 cells were filtered out. Gene expression values for each cell 

were log-normalized and scaled by a factor of 10,000 based on the number of UMIs in each 

cell and the cell mitochondrial content. Cell cycle phase was predicted as described[14]. 

Genes with high dispersion in at least two samples were used to conduct canonical 

correlation analysis to group the sub-populations of cells from each sample together[15]. 

The first twenty canonical correlation vectors were chosen for downstream clustering and 

visualization based on their shared correlation strengths and the genes driving each 

canonical correlation vector. Naïve clustering of the cells into sub-populations was then 

conducted using Seurat’s implementation of a shared nearest neighbor (SNN) modularity 

optimization based clustering algorithm (Louvain’s original algorithm[16]). The sample 

populations were aligned using these canonical correlation vectors and visualized using a 

uniform manifold approximation and projection plot (UMAP)[17]. Differentially expressed 

genes between clusters or samples were determined using Wilcoxon rank sum tests and 

Bonferroni correction. HSC, MolO, and SuMO module scores were calculated for every cell 

as described[14]. Raw FastQ files and gene expression data will be accessible at NCBI SRA 

and GEO; accession # pending).

Statistical analyses:

Unless specified differently in the results section, two-tailed unpaired t-test or two-tailed 

Mann-Whitney test was performed to compare the WT and ThbdDEL groups. One-way 

ANOVA with Tukey’s post hoc test was used to compare multiple groups.

Results

Expression of Thbd and EPCR on mouse hematopoietic progenitor cells

To identify HSPC capable of Thbd-dependent EPCR-aPC-PAR1 signaling, we examined the 

expression patterns of Thbd and EPCR in 12–20 week old wildtype (C57Bl6/N) mice. 

Confirming earlier reports[8], Thbd was expressed by LineageNEGSca-1/c-KitPOS (LSK)-

CD150POSCD48NEG HSPC; Thbd abundance was similar in LSK-CD34/CD135NEG, or 

EPCRPOS Hoechst side population cells Figure 1A). Thbd was also expressed in ST-HSC 

(LSK-CD34POSCD135NEG), multipotential, and lineage-biased progenitors (MPP, CLP, 

CMP, GMP), and in a subpopulation of MEP (Figure 1B). Approximately half of BM-

resident B220/CD19POS B cells/B cell precursors showed Thbd expression, as reported 

earlier[18]. The fraction of B cells expressing Thbd correlated inversely with B cell 

maturation: Between 70 and 90% of Pro- and Pre-B cells, but only half of immature B cells 

expressed Thbd, and expression by mature B cells was nearly undetectable (Figure 1C). 

EPCR was detected on the majority of LT-HSC (LSK-CD150POSCD135/CD34/CD48NEG), 

approximately 1/3rd of CD34/CD150POSCD135/CD48NEG ST-HSC / MPP1 cells and 
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CD150NEGCD135/CD34/CD48POS MPP4 cells, and small subpopulations of CD34/CD48/

CD150POSCD135NEG MPP2 and CD34/CD48POSCD135/CD150NEG MPP3 cells. EPCR 

expression was highest in LT-HSC and approximately ½ of this level in progenitors. The 

myeloid-primed CD41POS HSC subset[19] also showed EPCR surface expression in both 

older and younger mice (9 or 2 months; Figure 1D). EPCR was undetectable on B cells (data 

not shown).

Constitutive Thbd-deficiency is associated with altered composition of the hematopoietic 
progenitor pool

Selective preservation of Thbd expression in the placenta enables the derivation of live 

animals with near-complete Thbd-deficiency (MeoxCre-ThbdDEL mice), yet these mice 

exhibit partial perinatal lethality, reduced body size/weight, a marked prothrombotic 

diathesis, limited life span, yet a normal peripheral blood hematologic profile[9]. 4 of 5 l 

ThbdDEL mice exhibited fibrosis in the epiphyseal BM and increased fat cell abundance 

(Figure 2A). All ThbdDEL mice displayed ~1.5 fold reduced BM cellularity relative to body 

mass (Figure 2B). The relative abundance of BM-resident CD34/CD135NEG LT- and 

CD34POSCD135NEG ST-HSC was increased, while CLP were diminished (Figure 2C). 

Absolute numbers of LT- and ST-HSC normalized to body weight were comparable to 

wildtype controls, whereas CLP and to a lesser extent GMP were diminished (Figure 2C). 

The abundance of MPP, CMP and MEP remained identical to that of wildtype animals. 

Absolute numbers of Pro-, Pre-, immature, and mature B cells were reduced more than 2-

fold, without altering the relative abundance of each population (Figure 2D). EPCR 

expression on LT-HSC of ThbdDEL mice was indistinguishable from Thbd-expressing 

littermates (Figure 2E). The spleen of ThbdDEL mice showed increased weight and 

cellularity, increased frequency and numbers LSK-cells, LT-HSC, and GMP, and yielded 

larger numbers of CFU-GM in methylcellulose cultures (Figure 2F). No increase in 

circulating progenitors was detectable in peripheral blood, as judged from methylcellulose 

assays. Analysis of SLAM-HSC in wildtype (average age: 3.5 months) and ThbdDEL mice 

(average age: 6.6 months) likewise showed increased abundance of HSC in the latter that 

correlated with increased representation of CD34/CD135NEG LT-HSC amongst the SLAM-

HSC pool (Figure 2G). Equivalent results were obtained for HSC gated as CD48NEGCD150/

EPCRPOS E-SLAM HSC (wildtype: 5.2±0.6; ThbdDEL: 17.7±5.9; mean±SEM; n=5/group ). 

ThbdDEL CD34/CD135NEG LT-HSC had normal proliferation, yet reduced apoptosis, as 

judged from Ki67 and annexin V staining, respectively (Figure 2H).

Thbd-deficient stem and progenitor cells exhibit near-normal hematopoietic repopulation 
activity

The functional role of HSPC-associated Thbd was assessed by transplanting equal numbers 

of wildtype CD45.1POS competitor cells and CD45.2POS BM cells from ThbdDEL, or Thbd-

expressing ThbdLOX/WT controls into lethally irradiated Boy/J recipients. To correct for 

differences in the relative frequencies of LT-HSC in ThbdLOX/WT and ThbdDEL mice, donors 

with a ≤1.2-fold difference in absolute numbers of LSK-CD34NEGCD135NEG HSC were 

selected. 16–20 weeks after transplantation, Thbd-expressing and Thbd-deficient CD45.2 

cells contributed similarly to all BM mononuclear cells and the B cell/B cell precursor pool, 

with marginal under-representation amongst LT-HSC, CLP, and B-cells (Figure 3A). 
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ThbdDEL and control cells likewise were represented identically in peripheral blood T, B, 

and myeloid cells and among spleen LSK, GMP, and CD11b+ myeloid compartments 

(Figure 3B,C).

Temporally controlled Thbd gene ablation in adult mice preserves normal HSPC 
abundance and bone marrow retention

Thbd gene ablation in 2 months old adult healthy animals was induced by tamoxifen-

treatment of conditional Thbd-knockout mice (ERCre-ThbdFLOX). The loss of Thbd 

expression in BM endothelial and LSK cells was ascertained by immunohistochemistry and 

flow cytometry, respectively, in 5 animals that had remained free of thrombotic 

complications over 6 months following tamoxifen treatment as described[9] (Figure 4A,B). 

Body and spleen weights, BM cellularity and histological appearance, and the relative 

abundance of HSC defined as the Hoechst-excluding LSK-side population (Figure 4C) or as 

LSK-CD34/CD135NEG (not shown), were identical to controls not treated with tamoxifen. 

Hematopoietic activity in the BM, as judged from CFU-M assays, was somewhat reduced 

(p=0.037), and non-significantly elevated in the spleen and peripheral blood (Figure 4D).

Transgenic supplementation of APC selectively restores normal HSPC abundance

To determine whether the hematopoietic abnormalities in ThbdDEL mice could be rescued by 

augmented protein C activation, Meox2Cre-ThbdDEL mice were bred with a transgenic 

mouse strain (mAPCHI) expressing the D168F/N173K mouse analogue of the hyper-

activatable human D167F/D172K protein C variant[9, 20]. Transgene–mediated aPC 

delivery results in 2- and 3-fold increased plasma levels of murine PC and aPC, respectively, 

ameliorates the growth retardation and prothrombotic phenotype of ThbdDEL mice, and 

enables symptom-free long-term survival of the majority of ThbdDEL mice[9]. Transgenic 

aPC supplementation partially normalized the abundance of CD34/CD135NEG LT-HSC, 

SLAM- and E-SLAM HSC in ThbdDEL mice, but did not correct the diminished abundance 

of CLP and B cell precursors, or the pronounced spleen hematopoietic activity, and had no 

effect on HSC in otherwise normal mice (Figure 5A–C). Of note, plasma IL6 levels remain 

elevated in ThbdDELAPCHI mice[9]. Given the reported effects of IL6 signaling on 

extramedullary hematopoiesis, B cell maturation, and SDF secretion[21–23], the role of IL6 

was evaluated by treating animals for 3 weeks with IL-6-blocking antibodies. Plasma IL-6 

remained undetectable 4 days after the last antibody infusion, but IL-6 neutralization did not 

correct the B cell defects, or diminish spleen hematopoietic activity. To examine whether the 

above defects may be attributed to diminished activation of plasma carboxypeptidase B2 

(gene symbol: Cpb2) by the thrombin-Thbd complex and the ensuing altered complement 

function, Cpb2-deficient mice were analyzed. Cpb2-deficient mice, compared to wildtype 

C57BL/6N or J mice, showed normal cellularity of the spleen and bone marrow, normal 

abundance of bone marrow-resident HSPC and B-cell progenitors, and normal 

hematopoietic activity in the spleen (data not shown).

ThbdDEL HSC exhibit near-normal transcriptionally defined stemness

Duplicate samples of LSK cells were collected from C57Bl6/N wildtype, ThbdDEL, and 

ThbdDELAPCHI mice and subjected to single-cell RNA sequencing. Naive clustering 

analysis of the pool of 6 samples resolved 10 distinct populations (Figure 6A). LT-HSC 
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(“HSC”; cluster 2) were identified by low/absent expression of CD48, FLT3, and CD34, 

enrichment for EPCR and CD150 (Figure 6B), above-average MolO and SuMO stemness 

scores based on a common RNA expression profile of 29 and 21 genes, respectively, in 

index-sorted bona fide HSC[24] (Figure 6C), and a high proportion of quiescent cells 

(G0/G1) as estimated from expression of 97 cell cycle-dependent RNAs[14] (Figure 6D). 

The proliferative status of cells allocated to all individual clusters, including the HSC cluster 

2, was comparable for all mouse strains (Figure 6D). The abundance of LT-HSC in ThbdDEL 

mice as defined by contribution to cluster 2, as well as overall (all LSK cells) allocation to 

non-HSC clusters were comparable between strains, indicating similar transcriptional 

stratification of the LSK pool (Figure 6E). Mean MolO stemness scores for the cluster 2 

HSC populations were similar across strains (wildtype: 0.011; ThbdDEL: −0.008; ThbdDEL-

APCHI: −0.024; p=0.12) (Figure 6F). A more comprehensive HSC scoring module was 

extracted from a set of 424 genes whose expression was on average 1.2-fold higher 

(“HSC_up score”) or lower (“HSC_down score”) in cluster 2 than in all other clusters in 

wildtype mice (adjusted p<0.01; supplemental file 1). ThbdDEL HSC showed mildly lower 

HSC_up and higher HSC_down scores, respectively, while ThbdDEL-APCHI showed an 

intermediate value (HSC_up: wildtype 0.41; ThbdDEL: 0.35; ThbdDEL-APCHI: 0.38. 

HSC_down: wildtype: 0.25; ThbdDEL: 0.33; ThbdDEL-APCHI: 0.32; p<0.0001 for both up 

and down scores) (Figure 6F). Approximately 5% of ThbdDEL HSC (25 of 540; circled in 

Figure 6F) showed markedly aberrant HSC_up/down scores, increased numbers of 

transcripts and number of genes detected, and entry into S (n=4) or G2M (n=21) cell cycle 

phases, indicating transcriptional activation and loss of quiescence.

Human hematopoietic stem and progenitor cells do not express Thbd

Immunohistochemical analysis of human BM biopsies from healthy donors showed Thbd 

and EPCR expression in vascular endothelial cells, indicating that Thbd expression in the 

vascular HSPC niche is conserved between species (Figure 7A). HSPC populations in 

human bone marrow were characterized by flow cytometry according to established gating 

protocols[12] (Figure 7B). Except for a small fraction of CD33POS myeloid cells, Thbd was 

undetectable in BM mononuclear cells, including HSPC enriched in LT-HSC (Lin/CD38/

CD45RANEGCD90/CD34/CD49fPOS and Lin/CD38/CD45RA/CD90NEGCD34/CD49fPOS), 

MPP, other CD34/CD38POS progenitors, or CD19POS B cells. (Figure 7C). EPCR-

expression in human BM HSPC was limited to a subpopulation of presumptive CD90POS 

HSC (Figure 7C, right panels). A corresponding analysis of peripheral blood from healthy 

GCSF-mobilized donors failed to detect EPCR or Thbd expression in putative HSC and 

progenitors, with the exception of Thbd-expression in myeloid populations (Figure 7D).

Discussion

The current work examined the potential function of Thbd in the regulation of aPC- or 

thrombin-biased PAR1 signaling on HSPC. We confirmed Thbd expression on bona fide LT-

HSC and BM-resident B cells[8, 18], but in addition found Thbd expressed on all murine 

HSPC and lineage-committed precursors, as well as B cell precursors. Thus, in the mouse, 

approximately 25% of all BM-resident mononuclear cells express Thbd on their surface, 

providing a substantial capacity for protein C activation. EPCR expression was detected in 

Basu et al. Page 8

J Thromb Haemost. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



LT-HSC and ~1/3rd of ST-HSC and MPP, but not in B cell progenitors. In humans, Thbd 

expression in the BM was limited to vascular endothelium, while EPCR was expressed in a 

subset of presumptive HSC, and in vascular endothelium. In both mice and humans, the 

highest levels of PAR1 mRNA have been measured in HSC-enriched fractions, yet are 

almost 1 order of magnitude lower in B cells [25, 26]. Taken together, the analysis of EPCR 

and Thbd expression document the potential for quasi-autocrine EPCR-aPC-PAR1 signaling 

in mouse LT-HSC, ST-HSC, and to a lesser extent MPP, whereas in human BM such a 

mechanism is likely limited to the endothelial component of the BM niche.

Hematopoietic abnormalities in ThbdDEL mice included altered BM morphology and 

cellularity, increased relative abundance, but normal absolute numbers of HSC relative to 

body mass, marked extramedullary hematopoietic activity in the spleen, subtle skewing of 

committed progenitors towards myeloid lineages and significantly reduced abundance of B 

cell progenitors. The B cell defect was already manifest at the Pro-B cell stage and therefore 

likely reflected diminished B cell lineage output by CLP. The mechanisms underlying CLP 

and B cell precursor abnormalities remain unknown, but the absence of EPCR and limited 

expression of PAR1 in the human and mouse B cell lineage render a role of B cell-expressed 

Thbd in B cell differentiation via biased EPCR/PAR1 signaling unlikely. Transgenic 

supplementation of aPC prevented thrombo-hemorrhagic perinatal lethality, provided 

systemic anticoagulation, enabled thrombosis-free survival of ThbdDEL mice[9], normalized 

BM histology and relative abundance of HSC, but did not prevent extramedullary 

hematopoiesis or abnormal B cell precursor abundance. These outcomes provided indirect 

evidence that the hematopoietic effects of Thbd-deficiency on BM retention of HSC and B 

cell precursor abundance are not caused by the loss of aPC-mediated anticoagulant function. 

However, due to competition of circulating aPC and protein C for binding to EPCR (see 

below), the failure of transgenic aPC to correct these abnormalities may not be fully 

informative about the role of aPC-mediated cell signaling. Activation of plasma 

carboxypeptidase B by the thrombin-Thbd complex likewise was not necessary for 

sustaining HSC BM retention and normal B cell precursor abundance under homeostatic 

conditions. Alternatively, these effects of Thbd gene ablation might reflect aPC- and 

carboxypeptidase-independent Thbd functions, such as HMGB1 signaling or control of 

complement activation, which is known to affect hematopoietic function (reviewed in [27]).

Several additional experimental approaches yielded only limited evidence supporting the 

notion that HSC-expressed Thbd affects baseline hematopoietic function in a physiologically 

relevant manner. First, neither constitutive, nor temporally controlled Thbd gene ablation 

was associated with diminished or skewed hematopoietic lineage contribution to peripheral 

blood mononuclear cell, platelet, or erythrocyte abundance. The observed defects in BM-

resident HSPC therefore do not disrupt the overall hematopoietic output. Second, no HSC 

derangements or extramedullary hematopoiesis were observed, when Thbd gene ablation 

was induced in adult healthy ERCre-ThbdLOX mice, despite the eventually similar 

prothrombotic diathesis and mortality upon tamoxifen treatment as seen in mice with 

constitutive Thbd deficiency[9]. Although differences in the efficacy of Cre-mediated gene 

deletion may contribute to the less pronounced effects of temporally induced Thbd ablation, 

the hematopoietic effects of constitutive Thbd deficiency nevertheless are likely 

predominantly caused by a progressive pathology originating at birth, rather than the acute 
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loss of Thbd regulatory function in biased PAR1 signaling. Third, competitive BM 

transplants revealed only marginally compromised multi-lineage repopulation and/or 

engraftment by ThbdDEL HSPC. While this finding does not support a dominant role of 

HSC-expressed Thbd, the reduced stem cell activity of CD45.1 cells in these competitive 

repopulation experiments might have masked more subtle defects of Thbd-deficiency. 

Fourth, while increased spleen hematopoietic activity provided indirect evidence for 

compromised BM retention of HSPC in mice with constitutive Thbd-deficiency, steady-state 

HSC abundance in BM was not diminished. This observation contrasted the reported loss of 

SLAM HSC in ThbdPRO mice with diminished Thbd function[8], potentially reflecting 

confounding environmental influences, subtle genetic differences in strain backgrounds, 

other factors such as the microbiome, or replenishment of the BM-resident HSC pool by 

recirculating ThbdDEL HSC. Fifth, single-cell RNA sequencing as an independent approach 

to characterize functional differences between HSC populations revealed only subtle, albeit 

significant, changes in transcriptionally defined stemness of ThbdDEL HSC that were 

partially rescued by transgenic aPC supplementation. In summary, we conclude that a severe 

prothrombotic state due to constitutive or temporally controlled Thbd gene ablation is not 

sufficient to replicate the depletion of BM-resident HSC triggered by acute experimental 

thrombin infusion, or by the constitutive loss of PAR1 or EPCR function[8]; and (2) that 

expression of Thbd on murine HSC and progenitors has little, if any effect on the ability of 

HSC to maintain a normal hematopoietic output under normal physiologic conditions. These 

findings are largely consistent with independent analyses indicating a limited role of aPC-

EPCR signaling on HSPC for hematopoiesis, such as in mice harboring a variant of EPCR 

with impaired ability to bind protein C[28], as well as the failure of signaling-selective aPC 

variants to reproduce the radio-protective effects of normal aPC[18]. Whether aPC generated 

by the Thbd/thrombin complex on the vascular endothelium can efficiently engage EPCR-

PAR1 signaling on nearby HSC in a “paracrine” manner remains somewhat unclear: 

Ambient aPC levels are ~1000-fold lower than circulating zymogen protein C, and EPCR 

exhibits comparable affinity for protein C and aPC[29]. The majority of EPCR is therefore 

occupied by protein C under homeostatic conditions, and engagement of EPCR by 

circulating aPC is disadvantaged, even at the supra-physiologic levels achieved in APCHI 

mice. However, on cells co-expressing Thbd, EPCR, and PAR1, EPCR-bound protein C 

provides a spring-loaded signaling complex that is readily engaged by sequestration of 

thrombin by Thbd, activation of EPCR-bound protein C by the thrombin-Thbd complex, and 

the “pseudo-autocrine” activation of PAR1 by EPCR-bound aPC. This mechanistic 

difference in triggering aPC-EPCR signaling might also explain why increasing the 

circulating level of aPC in APCHI mice does not ameliorate extramedullary hematopoiesis in 

the spleen.

In summary, in the BM of mice, as well as humans, who lack Thbd expression on HSPC, a 

potential cell-autonomous, or quasi-autocrine function of HSC-expressed Thbd in the 

regulation of hematopoiesis via aPC-EPCR biased PAR1 signaling appears unlikely.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ESSENTIALS

• Differential activation of protease activated receptor 1 by activated protein C 

or thrombin has been reported to regulate hematopoietic stem cell function 

under homeostatic, steady-state conditions

• Thrombomodulin expression endows murine hematopoietic stem and 

progenitor cells with the capacity for quasi-autocrine maintenance of 

quiescence and bone marrow retention via aPC-biased activation of protease 

activated receptor 1

• The function of Thrombomodulin in murine hematopoietic stem cells was 

investigated in animal models with constitutive and temporally controlled 

Thrombomodulin deficiency

• Hematopoietic cell Thrombomodulin had only minor effects on constitutive 

hematopoiesis and stem cell function in the absence of hematopoietic stress 

signals in mice, and was not expressed in human stem cells
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Figure 1: Thbd is expressed by all HSPC populations and immature B cells in the mouse BM.
(A) Histograms show Thbd expression on LT-HSC (LSK-CD34−CD135−), SLAM-HSC 

(LSK-CD48−CD150+), or the EPCRPOS side population (LSK-SP) Data shown are 

representative of 4 animals. (B) Thbd expression on ST-HSC (LSK-CD34+CD135−), MPP 

(LSK-CD34+CD135+), CLP (Lin−Sca-1loc-KitloIL7Ra+), CMP (Lin−Sca-1−c-Kit
+CD34+CD16/32−), GMP (Lin−Sca-1−c-Kit+CD34+CD16/32+), and MEP (Lin−Sca-1−c-Kit
+CD34−CD16/32−). Data shown are representative of 4 animals. (C) Thbd expression on 

total B cells (B220+CD19+), Pro B cells (CD19+B220loIgM−CD43+), Pre B cells 

(CD19+B220loIgM−CD43−), immature B cells (CD19+B220loIgM+) and mature B cells 

(CD19+B220hiIgM+). Shaded histograms in A-C represent isotype control, thick line wild 

type mice and thin line Thbd-deficient mice. Numbers represent percentages of cells in the 

corresponding gates. Data shown are representative of 4 animals per group. Data shown are 

representative of 4 animals. (D) EPCR expression on LSK cells gated for expression of 
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CD48/CD150 or CD34/CD135. Histograms show EPCR expression in the respective gates 

of the contour plots on the left. Data shown are representative of 4 animals. Plot in the lower 

right panel shows expression of EPCR and CD41 (Itgab2) in LSK-CD48NEGCD150POS 

SLAM-HSC of a 9 months old animal.

Basu et al. Page 16

J Thromb Haemost. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: Characterization of HSPC in the bone marrow and spleen of Thbd-deficient mice.
(A) Bone marrow histology of ThbdDEL mice. Formalin-fixed sections of femurs of Thbd, 

hematoxylin-eosin stain. (B) Reduced BM cellularity in ThbdDEL mice (n=8/group). (C,D). 
Frequency and absolute numbers of HSPC (C) and bone marrow B cells (D) in control (open 

bars; n=9) and ThbdDEL mice (closed bars; n=8). LT: LSK-CD34−CD135+; ST: LSK-

CD34+CD135−; MPP: LSK-CD34+CD135+; CLP: Lin−Sca-1loc-KitloIL7Rα+; CMP: Lin
−Sca-1−c-Kit+CD34+CD16/32−; GMP: Lin−Sca-1−c-Kit+CD34+CD16/32+; MEP, Lin
−Sca-1−c-Kit+CD34−CD16/32−. (E) Cytometry histograms showing normal EPCR 

expression in LT-HSC and SLAM-HSC of wildtype and ThbdDEL mice. Data shown are 

representative of 4 animals/group. (F) Increased abundance of HSPC (left) and 

hematopoietic activity (Colony-forming-units Granulocyte-Monocyte) in the spleen of 

wildtype (open bars) and ThbdDEL mice (closed bars; n=10/group). (G) Cytometry plots of 

CD48/CD150 expression on LSK cells of wildtype and ThbdDEL mice. CD48NEGCD150POS 
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SLAM-HSC were then analyzed for CD34/CD135 expression (n=5/group). (H) Flow 

cytometric analysis of CD34/CD135NEG LT-HSC for expression of the proliferation marker 

Ki67 and binding of annexin V to cell surface-associated phosphatidylserine as a marker of 

apoptosis (n=5/group). All numerical data are represented as mean±st.dev. Two-tailed, 

unpaired Student’s t-test was performed to determine significance. *P < 0.05; **P < 0.01; 

***P < 0.001; ****P < 0.0001.
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Figure 3: ThbdDEL HSPC show near-normal competitive repopulation capacity.
Mixed BM chimera mice (n=6/group) were generated by transplanting BM from wild type 

(CD45.1) and either ThbdDEL, or Thbd-expressing ThbdLOX/WT littermates (CD45.2) in a 

1:1 ratio into lethally Boy/J recipients. CD45 chimerism was measured in the indicated 

tissues by flow cytometry 20 weeks after transplantation in (A) bone marrow (n=6/group), 

(B) spleen (n=6/group), and (C) peripheral blood (n=5/group). HSPCs in the BM and spleen 

were characterized as in Figure 1. Data represent the mean±SEM. Two-tailed unpaired t-test 

was used to determine significance. *P < 0.05.
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Figure 4: Temporally controlled Thbd gene ablation in adult mice.
(A) Immunohistochemical detection of Thbd antigen in BM blood vessels of formalin-fixed 

femur with HRP-conjugated anti-Thbd antibody. Counterstain hematoxylin. (B) Detection of 

Thbd antigen on LinNEGSca/kitPOS BM cells by flow cytometry. Tamoxifen-treatment 

abrogates Thbd expression on bone marrow HSPC. Data shown are representative of 4 

animals/group analyzed (C) Tamoxin-induced Thbd gene ablation does not alter the 

abundance of side population HSC. Verapamil abolishes the Hoechst side population. 

Numbers are the mean±st.dev. of % side population cells. n=4/group. (D) Hematopoietic 

activity in the bone marrow, peripheral blood and spleen measured by colony formation in 

methylcellulose. Thbd gene ablation in adult mice is not associated with increased 

extramedullary hematopoiesis. Each data point reflects 1 animal.
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Figure 5: Transgenic aPC supplementation selectively restores normal HSC abundance.
(A) Flow cytometric evaluation of progenitor populations in the bone marrow of ThbdDEL 

mice (n=8), ThbdDELAPCHI mice (n=7), and Thbd-expressing littermates (ThbdLOX/WT; 

n=6). (B) Spleen hematopoietic activity determined by colony formation in methylcellulose. 

(C) Frequency (%) of SLAM-HSC and EPCRPOS SLAM-HSC in wildtype (C57Bl/6N; n=9) 

mice and mutant strains (n=4/group). One-way ANOVA with Tukey’s post hoc test was used 

to determine significance. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Figure 6: Single-cell RNA sequencing reveals largely similar LSK compartments across WT, 
ThbdDEL, and ThbdDELAPCHI genotypes.
(A) UMAP overview of cell clustering across all cells from all genotypes. (B) Normalized 

expression values of LT-HSC markers across all clusters. (C) Collective expression of 

‘MolO’ and ‘SuMO’ stem marker gene sets across all clusters. (D) Distribution of predicted 

cell cycle phases across all clusters and genotypes. (E) Percent contribution of cells from 

each genotype to each cluster. (F) Collective expression of HSC-up and HSC-down stem cell 

marker gene set within LT-HSC cells (cluster 2) across all genotypes. Circled cluster 2 cells 

show a marked loss of transcriptionally defined stemness and are predicated to be within S 

or G2M cell cycle phases.
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Figure 7. Thbd expression in human BM is restricted to the endothelial niche and a small 
fraction of myeloid cells.
(A) Immunohistochemical detection of Thbd (red/green fluorescence; nuclear counterstain 

with DAPI (blue)) and EPCR (brown HRP reaction product; Giemsa counterstain for human 

Thbd, no counterstain for human EPCR) in endothelial cells of human and mouse BM 

sections. Bars represent 50 µm. (B) Gating strategy for characterization of Thbd and EPCR 

expression in HSPC by flow cytometry in human BM and peripheral blood[12]: Gate “a” 

and “b”: HSC enriched (CD38/CD45RANEGCD90/CD34/CD49fPOS and CD38/CD45RA/

CD90NEGCD34/CD49fPOS). Gate “c”: MPP (CD38/CD45RA/CD90NEGCD34/CD49fNEG). 

Gate “d”: Lineage-restricted progenitors (CD34/CD38POS). (C, D) Flow cytometric 

detection of Thbd and EPCR in BM (C) and peripheral blood of GCSF-mobilized donors 

(D). Histograms show expression in the indicted gating populations a–d, or in B and myeloid 

cells (CD19POS and CD33POS, respectively). Numbers represent percentage of cells in the 

corresponding gates. Data are one representative of two human BM samples, and two 
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peripheral blood samples analyzed. Shaded histogram areas represent isotype controls, black 

line represents anti-Thbd or -EPCR antibody.
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