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Hematopoietic stem cell transplantation has been established as a
curative treatment for patients with hematological malignancies.
Understanding the regulation of Hematopoietic Stem and
Progenitor Cells (HSPC) is crucial to improve the outcomes of
transplants. Others and we have previously shown the role of
coagulation-linked pathways in regulation of murine HSPC
egress and retention. Particularly, different activities of the major
receptor for thrombin, Protease Activated Receptor 1 (PAR1),
direct mouse HSPC mobilization versus bone marrow (BM)-
retention, driven by thrombin or aPC/EPCR cleavage, respec-
tively. Acute stress and clinical mobilization, upregulate
thrombin generation, which cleaves PAR1 to activate pro-
inflammatory signaling, inducing HSPC recruitment to the
bloodstream. PAR1 can alternatively interact with Endothelial
Protein Receptor C (EPCR) activating anti-inflammatory signal-
ing, to retain long term repopulating HSPC in the BM by
restricting nitric oxide (NO) generation."* These studies
investigated the role of coagulation-related pathways only in
experimental mouse models and their relevance to clinical
protocols is currently unknown.

G-CSF mobilized peripheral blood (PB) cell is a safe source
for transplant. However, this procedure results in failure of
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mobilization in 4% of healthy donors. Factors associated with
poor mobilization capacity include low levels of circulating
CD34" cells, decreased hematocrit levels and total blood
volume, older donor age, white ethnicity and female
gender.>* Better understanding of mechanisms regulating
mobilization for stem cell collection and homing for stem cell
transplant have therefore high clinical relevance and impor-
tance. Taken together, our data suggest that coagulation-
related pathways could also be functionally important in
regulation of clinical human HSPC mobilization and engraft-
ment kinetics following patient transplantation. In particular,
PAR1 expression positively correlates with the mobilization
efficiency and engraftment outcome, depicting it as a
predictive marker. Importantly, we also show that exposure
of human CD34" Cord Blood (CB) cells to a synthetic
anticoagulant mimicking peptide® activating aPC/EPCR-
mediated PAR1 signaling, specifically improved their homing
to the BM of immune deficient NSG mice.

First, we tested if baseline PAR1 expression plays a role in
human G-CSF CD34* HSPC mobilization. For this purpose, we
chose to analyze the blood of healthy donors in order to avoid
possible mobilization failure in the autologous setting. Detailed
information about experimental methods is provided in the
supplementary methods section. To analyze the role of PAR1 in
G-CSF induced mobilization, PB samples were obtained from 20
HSPC donors before and after treatment with G-CSF. We
observed high variability of PAR1 expression on circulating
CD34" HSPC at baseline among healthy PB stem cell donors,
which were up regulated following 5-days treatment with G-CSF
(Fig. 1A-B). Interestingly, a strong correlation was found
between PAR1 expression on circulating CD34* cells before
and after G-CSF treatment (Fig. 1C). Next, we found that
baseline PAR1 expression levels on circulating MNC before G-
CSF treatment also positively correlated with higher yields of
total G-CSF mobilized leukocytes and CD34* HSPC (Fig. 1D-E).
In addition, the percentage of PAR1" CD34" HSPC in the blood
and their absolute numbers before treatment positively correlated
with peripheral blood leukocyte counts (Fig. 1F) and the yield of
mobilized CD34* HSPC (Fig. 1G). Accordingly, a poor mobilizer
donor (as defined by collection of <2x10° CD34* cells/kg of
recipient body weight), suffering from Ulcerative Colitis, with
stable disease under no recent treatment, was characterized by
low CD34" cells and PAR1 expression on circulating CD34" cells
prior to G-CSF treatment. Importantly, 9 donors with equal or
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Figure 1. Expression of PAR1 on circulating MNC positively correlates with G-CSF-induced CD34* HSPC mobilization. (A) Percent of PAR1 expression
levels on circulating CD34" cells before and after treatment with G-CSF. (B) Representative FACS staining for PAR1 and CD34 before and after treatment with G-
CSF of one donor out of 20. (C) Correlation between the percentage of PB CD34" PAR1" HSPC before and after treatment with G-CSF. n=8. PB WBC (D, n=17)
and CD34* HSPC (E, n=18) after G-CSF treatment vs PB PAR1 expression on MNC at baseline. PB WBC (F, n=15) and CD34" HSPC (G, n=14) after G-CSF
treatment vs the percentage of PB PAR1 expressing CD34" HSPC and their absolute numbers. (H) The differences of baseline PB CD34* HSPC (%), PAR1
expression on CD34" HSPC and efficiency of mobilization between poor mobilizer donor and the average of other donors (n=17). (l) The differences of baseline
expression of PB PAR1 (%) and efficiency of mobilization between poor mobilizer donor carrying MTHFR mutation and the average of other donors (n=19). (J) PB
WBC following PBS injection (n=11), or G-CSF treatment with (n=6) or without (n=6) administration of PAR1 antagonist in chimeric mice engrafted with human CB
MNC. (K) Human PB CD34" cells after treatment with PBS (n=3), G-CSF (n=3) or G-CSF and PAR1 antagonist (n=3) in chimeric mice.

lower CD34" counts but with higher PAR1 expression levels
succeeded to better mobilize, highlighting PAR1 as an indepen-
dent predictor for HSPC mobilization (Fig. 1H). In addition,
another poor mobilizer, a thrombophilic donor, carrying the
MTHFR mutation, with low PAR1 expression levels on
circulating CD34" cells at baseline, had inadequate mobilization
following treatment with G-CSF (Fig. 11). Taken together, these
results suggest a role for PAR1 expression in successful human
CD34" HSPC mobilization. To assess the need for functional
PART1 signaling in human HSPC mobilization we also utilized
chimeric immune-deficient mice, pre-engrafted with human cord
blood HSPC. Importantly, blocking PAR1 signaling by in vivo
administration of a specific PAR1 antagonist inhibited G-CSF-
induced mobilization of human white blood cells (WBC) and
CD34" HSPC to the circulation of chimeric mice (Fig. 1J-K).

Interactions between CXCL12 and its major receptor CXCR4
play a major role in human and murine G-CSF-induced HSPC
mobilization.*®” We, therefore, expected PAR1 inhibition to
affect also HSPC migration. Blocking PAR1 signaling by the
specific PAR1 antagonist also inhibited in vitro migration of
human BM or cord blood MNC towards a gradient of CXCL12,
(Fig. 2A) similar to murine BM MNC migration.” Importantly,
PAR1 expression on mobilized CD34* cells correlated with
mobilized MNC migration towards a gradient of CXCL12
(Fig. 2B). PAR1 regulates endothelial nitric oxide synthase
(eNOS) which induces NO production.® In line with our results,
NO donor treatment upregulated surface CXCR4 expression on
human cord blood HSC, promoting their in vitro CXCL12
induced chemotactic response, and in vivo homing and
engraftment of immune deficient NSG mice.”'® Importantly,
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Figure 2. Impact of PAR1 signaling pathways on migration, engraftment and homing of HSPC. (A) Human cord blood MNC migration toward CXCL12 1
hour after treatment with PAR1 antagonist (n=4). (B) MNC migration towards CXCL12 vs. PAR1 expression on PB CD34" cells after treatment with G-CSF. n=5.
Day of neutrophils (C, n=10) and platelets (D, n=9) engraftment in transplanted patients vs. expression of PAR1 on donor PB MNC at baseline. (E-F) Human cord
blood (CB) CD34*enriched cells were incubated with the human aPC/EPCR/PAR1 mimicking peptide for 2hrs prior to their transplantation in pre-clinical model of
immune deficient NSG-hSCFTgN mice. Homing levels of human CB CD34™ cells to the mouse BM (E) and spleen (F) are shown.

in CD34" stem and progenitor cells mobilized by G-CSF
treatment in healthy donors, a positive correlation between
CXCR#4 expression, CXCL12-induced migration and both stem
cell mobilization efficiency and patient engraftment was
reported.'! To evaluate the role of PAR1 in BM engraftment,
we followed recovery parameters of patients transplanted with
the G-CSF-mobilized cells. Importantly, we found accelerated
neutrophil and platelet engraftment in patients transplanted with
mobilized cells expressing higher PAR1 levels on MNC at
baseline (Fig. 2C-D). These correlations suggest PAR1 expres-
sion before G-CSF treatment in donors as a predictive marker for
efficiency of patient blood count recovery as well.

After their infusion, HSPC migrate in the circulation and home
to the recipient BM, where they lodge and reconstitute the BM
with normal blood and immune cells. This process of migration
and BM recognition is termed homing and is an essential first step
for successful transplantation. Since the late 80°, CB transplants
(CBT) has emerged as an alternative source of HPSC for HCT.!?
CB offers the advantage of easy and quick procurement, the
absence of risk to the donors, reduced risk of transmitting
infections and a lower risk of Graft vs Host Disease (GVHD) thus
permitting less stringent HLA matching. The major disadvantage
of CBT is the late hematopoietic recovery, which leads to
increased early morbidity and mortality after transplantation.'?
In order to rapidly reconstitute the BM, blood and immune
system of transplanted patients there is a need for increased
number of stem and progenitor cells, according to the size and
body weight of the patients. Delayed neutrophil and platelet
engraftment with CB is associated with significant infection and
bleeding related morbidity/mortality limiting its widespread use.

To overcome this risk, we designed to target to the BM not
only EPCR-expressing HSPC but also short-term CD34*
progenitors and maturing leukocytes which express PAR1
but have reduced levels or lack expression of EPCR. These
cells are important to provide the short-term engrafting
leukocytes, which are essential for neutrophil and
platelet recovery. As PAR1 blockade inhibited migration,
we aimed to influence CB homing in vivo, by activating the
alternative PAR1 pathway leading to cytoprotective and anti-
inflammatory effects.® For this purpose, we synthesized a
peptide mimicking the PAR1 fragment naturally cleaved by
aPC/EPCR.> Importantly, we found that a short (2h)
pretreatment of human CB CD34" enriched cells before their
transplantation into immune deficient mice significantly
elevated their homing levels specifically to the BM but not
to the spleen (Fig. 2E-F).

To conclude, we reveal for the first time PAR1 expression levels
on circulating MNC and CD34" cells as new independent
parameters for predicting both the efficiency of human PB CD34*
HSPC mobilization by G-CSF and hematological recovery of
patients, after matched allogeneic transplantation. Although
the sample size in the study is small, still the correlations we
have found are constant, statistically significant and may
stimulate new insight regarding the involvement of the
coagulation system in clinical human G-CSF induced mobiliza-
tion of stem and progenitor cells. In line, our research is
supported by a previous study reporting that PAR1 levels
genetically assessed by microarrays were found to be 3.3-fold
higher in G-CSF-mobilized human CD34* HSPCs compared with
steady-state BM CD34* HSPC.'
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To improve CBT a combination of pro-engraftments
approaches involving ex vivo HSPC expansion and modulation
of HSPC functionality have been studied extensively in animal
models and clinical trials."® Here, we present a new approach to
enhance homing of CD34* CB cells via exposure of these cells to a
synthetic peptide activating anti-inflammatory coagulation-
related signaling.

Our study therefore adds important clinically relevant under-
standing of mechanisms regulating human HSPC mobilization
and transplantation. In addition, our results are promising as to
the concept that HSPC homing can be improved by pre-
stimulation of cells prior to their transplantation. Here we
identified a new player participating in regulation of human HSPC,
with potential to predict efficiency as well as clinical outcome of G-
CSF-induced mobilization, homing, and engraftment kinetics as
well as efficiency. Better understanding of HSPC regulation may
help improving G-CSF mobilization in autologous setting, CBT
engraftment, haplo-transplantations and transplantation for
myelofibrosis. Future studies will reveal whether manipulations
of PAR1 expression and function in human HSPC can improve the
efficiency of these clinical procedures.

References

1. Gur-Cohen S, Itkin T, Chakrabarty S, et al. PAR1 signaling regulates the
retention and recruitment of EPCR-expressing bone marrow hemato-
poietic stem cells. Nat Med. 2015;21:1307-1317.

2. Geiger H, Pawar SA, Kerschen EJ, et al. Pharmacological targeting of
the thrombomodulin-activated protein C pathway mitigates radiation
toxicity. Nat Med. 2012;18:1123-1129.

3. Vasu S, Leitman SF, Tisdale JF, et al. Donor demographic and laboratory
predictors of allogeneic peripheral blood stem cell mobilization in an
ethnically diverse population. Blood. 2008;112:2092-2100.

10.

11.

12.

13.

14.

15.

PAR1 Expression Predicts Clinical

. Petit I, Szyper-Kravitz M, Nagler A, et al. G-CSF induces stem cell

mobilization by decreasing bone marrow SDF-1 and up-regulating
CXCR4. Nat Immunol. 2002;3:687-694.

. Mosnier LO, Sinha RK, Burnier L, et al. Biased agonism of protease-

activated receptor 1 by activated protein C caused by noncanonical
cleavage at Arg46. Blood. 2012;120:5237-5246.

. Christopher MJ, Liu F, Hilton MJ, et al. Suppression of CXCL12 production

by bone marrow osteoblasts is a common and critical pathway for
cytokine-induced mobilization. Blood. 2009;114:1331-1339.

. Levesque JP, Hendy J, Takamatsu Y, et al. Disruption of the CXCR4/

CXCL12 chemotactic interaction during hematopoietic stem cell
mobilization induced by GCSF or cyclophosphamide. J Clin Invest.
2003;111:187-196.

. Watts VL, Motley ED. Role of protease-activated receptor-1 in

endothelial nitric oxide synthase-Thr495 phosphorylation. Exp Biol
Med (Maywood). 2009;234:132-139.

. Huang X, Guo B, Capitano M, et al. Nitric oxide promotes human

hematopoietic stem cell homing and engraftment via cGMP-Pkg
signaling. Blood. 2018;132:807.

Zhang Y, Wittner M, Bouamar H, et al. Identification of CXCR4 as a
new nitric oxide-regulated gene in human CD34+ cells. Stem Cells.
2007;25:211-219.

Voermans C, Kooi ML, Rodenhuis S, et al. In vitro migratory capacity of
CD34+ cells is related to hematopoietic recovery after autologous stem
cell transplantation. Blood. 2001;97:799-804.

Ballen KK, Gluckman E, Broxmeyer HE. Umbilical cord blood
transplantation: the first 25 years and beyond. Blood. 2013;122:
491-498.

Laughlin MJ, Eapen M, Rubinstein P, et al. Outcomes after
transplantation of cord blood or bone marrow from unrelated donors
in adults with leukemia. N Engl J Med. 2004;351:2265-2275.

Steidl U, Kronenwett R, Rohr UP, et al. Gene expression profiling
identifies significant differences between the molecular phenotypes of
bone marrow-derived and circulating human CD34+ hematopoietic
stem cells. Blood. 2002;99:2037-2044.

Mehta RS, Rezvani K, Olson A, et al. novel techniques for ex vivo
expansion of cord blood: clinical trials. Front Med (Lausanne).
2015;2:89.



	PAR1 Expression Predicts Clinical G-CSF CD34&x002B; HSPC Mobilization and Repopulation Potential in Transplanted Patients
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU (Use these settings to create Adobe PDF documents for Quad Graphics' Midland MI Facility.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks true
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 12
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


