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To the editor:

CCL3 is a key mediator for the leukemogenic effect of Ptpn11-activating mutations in the
stem-cell microenvironment

Lei Dong, Hong Zheng, and Cheng-Kui Qu

Division of Hematology/Oncology, Department of Pediatrics, Aflac Cancer and Blood Disorders Center, Children’s Healthcare of Atlanta, Emory University,

Atlanta, GA

Germ line–activating mutations of protein tyrosine phosphatase
PTPN11 (Shp2), a positive regulator of the Ras signaling pathway,1

account for more than 50% of patients with Noonan syndrome.2 These
patients have an increased risk of developing leukemias,3 especially
juvenile myelomonocytic leukemia, a childhood myeloproliferative
neoplasm (MPN). Previous studies have demonstrated that Ptpn11
mutations induce juvenile myelomonocytic leukemia–like MPN
through cell-autonomous mechanisms in an Shp2 catalytic activity-
dependent manner.4-7 We recently showed that Ptpn11-activating
mutations in the mouse bone marrow (BM) microenvironment
significantly promoted the development and progression of MPN
through profound detrimental effects on hematopoietic stem cells

(HSCs).8 Ptpn11 mutations in the BMmesenchymal stem/progenitor
cells (which serve as unique sinusoidal vascular and arteriolar HSC
niches9,10) and osteoprogenitors, but not differentiated osteoblasts or
endothelial cells, caused excessive production of the CC chemokine
CCL3 (also known asMIP-1a), which recruited monocytes to the area
whereHSCs also resided. Consequently,HSCswere hyperactivated by
interleukin-1b and possibly other proinflammatory cytokines produced
by monocytes, leading to exacerbated MPN and to donor cell–derived
MPN after stem-cell transplantation therapy. Administration of the
CCL3 receptor antagonists ameliorated MPN induced by the Ptpn11-
mutated BMmicroenvironment. However, the mice were only treated
and monitored for a limited time (3 weeks) with the CCL3 receptor
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antagonists. The role of CCL3 in mediating the pathogenic effects
of Ptpn11-mutated BM stromal cells needs to be further tested. The
long-term effect of CCL3 inhibition on microenvironmental Ptpn11-
activating mutation–induced MPN has yet to be determined.

The Ptpn11E76K-activating mutation in Prx1-expressing broad
mesenchymal cells in the BM, which contain/overlap with mesenchy-
mal stem/progenitor cells, induced MPN in Ptpn11E76K/1Prx1-Cre1

mice at the age of 5 to 10 months.8 To further determine the role of
CCL3 in the pathogenesis of the MPN driven by the Ptpn11E76K

mutation in the stem-cell microenvironment, we took a mouse ge-
netic approach and examined the microenvironmental effect of
the Ptpn11E76K/1 mutation in the CCL3-knockout background.
We generated Ptpn11E76K/1Prx1-Cre1CCL32/2 mice by crossing
Ptpn11E76K conditional knockin mice5 with CCL31/2 mice11 and
Prx1-Cre1 transgenic mice.12 The mice were monitored for 12 to
17 months. The phenotypes of these double mutants were compared
with those of Ptpn11E76K/1Prx1-Cre1 and CCL32/2 single-mutant
mice.As expected,Ptpn11E76K/1Prx1-Cre1mice developedMPN that
was derived from wild-type HSCs without Ptpn11 mutations (data
not shown). These animals manifested high white blood cell counts
(Figure 1A), splenomegaly (Figure 1B), elevated myeloid cells
(Mac-11Gr-1high and Mac-11Gr-1low; Figure 1C), and monocytes
(CD1151Gr-1low; Figure 1D) in the peripheral blood,BM, and spleen.
Moreover, there was substantial infiltration of myeloid cells and
monocytes in the liver and lung (Figure 1C-D).CCL32/2mice seemed
normal and indistinguishable from wild-type control littermates. No
abnormalities in hematopoietic cell development were detected in
CCL3 knockout mice (Figure 1A-D), suggesting that CCL3 is
dispensable for steady-state hematopoiesis. Importantly, MPN pheno-
types induced by the Ptpn11E76K/1 mutation in Prx1-expressing BM
mesenchymal cells were essentially blocked in Ptpn11E76K/1Prx1-
Cre1CCL32/2 double-mutant mice (Figure 1A-D). Histopathological
examination verified thatMPN-associated phenotypes were indeed
substantially attenuated in these double mutants (Figure 1E).

To further determine whether the rescue effect of CCL3 deletion
on the microenvironmental Ptpn11mutation–induced MPN occurred
at the stem-cell level, we examined HSCs in Ptpn11E76K/1Prx1-Cre1

CCL32/2 double-mutant mice and compared them with those
in Ptpn11E76K/1Prx1-Cre1 single mutants. The frequency of HSCs
in the BM of Ptpn11E76K/1Prx1-Cre1mice was significantly decreased
becauseof stem-cell hyperactivation andattrition as comparedwith that in
control animals (Figure 1F). CCL32/2mice did not show abnormalities
in HSC numbers (Figure 1F). Importantly, the size of the stem-cell pool
in Ptpn11E76K/1Prx1-Cre1CCL32/2 mice was normalized (Figure 1F).
Cell-cycle analyses demonstrated that the number of quiescent HSCs
in the G0 phase decreased by half, whereas HSCs in the G1 or S/G2/M
phase doubled in Ptpn11E76K/1Prx1-Cre1 mice (Figure 1G), consistent
with what we observed in Ptpn11E76K/1Nestin-Cre1 mice,8 which also
developed MPN. Moreover, aberrant HSC activation occurred before
MPNwas fully developed inPtpn11E76K/1Prx1-Cre1mice (supplemen-
tal Figure 1, available on the Blood Web site), further supporting that
the Ptpn11-mutant microenvironment drives MPN development by

hyperactivation of resident HSCs. Notably, the disrupted HSC cell-
cycle distribution caused by the Ptpn11E76K/1 mutation in the BM
stromal cells was largely corrected, and the dormancy in HSCs was
restored in Ptpn11E76K/1Prx1-Cre1CCL32/2 double-mutant mice
(Figure 1G).

The robust effect of CCL3 gene deletion on the MPN induced by
the Ptpn11E76K/1 mutation in the BM stromal cells strongly suggests
that CCL3 is a key mediator for the leukemogenic effect of the
microenvironmental Ptpn11E76K/1 mutation. The fact that depletion
of the CCL3 gene is more potent than pharmacological inhibition of
CCL3 signaling8 in mitigating the MPN driven by the Ptpn11-
mutatedmicroenvironment further supports this notion. Thesemouse
genetic data combined with our previous pharmacological inhibition
data8 provide a clear mechanism for the detrimental effects of Ptpn11-
activating mutations in the stem-cell microenvironment and suggest
CCL3 as a therapeutic target for controlling leukemic progression
in Noonan syndrome and for improving stem-cell transplantation
therapy in Noonan syndrome–associated leukemias, especially
considering that CCL3 itself is dispensable for normal hematopoiesis.
Nevertheless, because both genetic and pharmacological approaches
involve systemic effects, additional studies are required to determine
the effects of stromal-cell type–specific deletion of CCL3 on
microenvironmental Ptpn11mutation–induced leukemogenesis.

The online version of this article contains a data supplement.
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Circulatory and maturation kinetics of human monocyte subsets in vivo

Tamar Tak,1 Julia Drylewicz,2 Lennart Conemans,1 Rob J. de Boer,3 Leo Koenderman,1 José A. M. Borghans,2,* and

Kiki Tesselaar2,*

1Department of Respiratory Medicine and 2Department of Immunology, Laboratory of Translational Immunology, University Medical Centre Utrecht, Utrecht,

The Netherlands; and 3Bioinformatics/Theoretical Biology, Utrecht University, Utrecht, The Netherlands

Monocytes originate from the bonemarrow (BM), are distributed in the
bloodstream, and can differentiate in the tissue into skin macrophages
or intestinal dendritic cells (DCs).1 They play an essential role in
the defense against pathogens2 and are implicated in a range of
diseases.3

Labeling experiments with 6,6-2H2-glucose
4 and 3H-thymidine5,6

have suggested a monocyte residence time in blood of 2 to 4 days.
Although theseexperiments consideredmonocytes as a singlepopulation,
the currently held view is that at least 3 monocyte subsets exist: classical
CD1411CD16– monocytes (CMs), intermediate CD1411CD161

monocytes (IMs), andnonclassicalCD141CD1611monocytes (NCMs).
The residence times of these subsets in blood and their interrelationship
remain to be determined. The 3 subsets are characterized by the gradually
changing expression of surface markers,7 differential gene enhancer
profiles8 expression profiles,9,10 and differences in functionality.3,11

Their maturation kinetics also differ, because human CMs repopulate
the bloodstream first after hematopoietic stem cell transplantation,
followed by IMs and later by NCMs.12 In rhesus macaques, similar
results were found by using in vivo bromodeoxyuridine labeling.13

The gradually changing expression patterns, combined with their
consecutive repopulation/labeling kinetics has led to the prevailing
idea that monocytes differentiate from CMs via IMs to NCMs.9,13

In mice, there is more direct evidence for such a linear differentia-
tion pattern.14 Adoptively transferred CM homologs were shown to
differentiate intoNCMs,15,16 and in vivo imagedmonocyteswere shown
to lose CM marker CCR2 while acquiring NCM marker CXC3CR1
at sites of sterile inflammation.17 However, adoptively transferred
CM preparations might contain small numbers of monocyte
progenitors15 and thus, even in mice, there remains discussion on the
developmental relation of these monocyte subsets under homeostatic
conditions.3,15,18

To investigate the circulatory and maturation/differentiation
kinetics of the human monocyte subsets, we used in vivo 6,6-2H2-
glucose labeling in 14 volunteers19,20 (see supplemental Methods,
available on the Blood Web site). This study was performed after

receiving approval from the local ethics review board (Medisch
Ethische Toetsingscommissie Utrecht) and obtaining written informed
consent from all volunteers in accordance with the Declaration of
Helsinki. Our study population consisted of 5 healthy volunteers and
9 eosinophilic asthma patients. Because no differences in monocyte
subset counts or labeling kinetics were found between asthma patients
and healthy volunteers (supplemental Figure 1), we combined data
from both groups for analysis.

Monocyte subset numbers and percentages in blood (Figure 1)were
in agreement with previous findings,3 with a median of 89% CMs,
4% IMs, and 7% NCMs. DNA 2H-enrichment was first detected in
CMs, inwhich it peaked at days 3 to 4, similar to earlier labeling studies
on the whole monocyte compartment.4,5 In IMs and NCMs, label
enrichment was detected later and peaked after approximately 4
and 8 days, respectively. These findings are in line with previous
results suggesting a linear differentiation pattern.12,13

Mathematical models (supplemental Methods) were fitted to the
measured 2H-enrichment levels to estimate monocyte subset kinetics.
These models take into account the observed ratios between cell
numbers in each subset (assumed to be constant) and assume that
incorporation of label occurred only at themonocyte progenitor stage in
the BM. After maturation in the postmitotic pool (PMP), the models
assume that cells enter the bloodstream as CMs and subsequently
mature into IMs and NCMs. Assuming differentiation from IMs into
NCMs directly in the circulation gave reasonablefits to the enrichment
data of CMs and IMs but failed to describe the delay with which label
was observed inNCMs (Figure 2A).We therefore extended themodel
by assuming that IMs can mature into NCMs only after a delay of
D2 days, Assuming that this maturation step occurs inside the blood
gave an improved fit to the data (Figure 2B; moderate improvement
according to theKullback-Leibler’s scale; supplementalMethods), but
an even better fit was obtained when we assumed that this differen-
tiation step occurs outside the blood (Figure 2C).

For all models, we found 2 optima, 1 with slow and 1 with fast
dynamics of BM precursors. The estimated average maturation time
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