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Induction of Functional Human Macrophages from Bone
Marrow Promonocytes by M-CSF in Humanized Mice

Yan Li,*,1 Qingfeng Chen,*,†,‡,1 Dahai Zheng,* Lu Yin,* Yok Hian Chionh,*

Lan Hiong Wong,* Shu Qi Tan,x Thiam Chye Tan,x,{ Jerry K. Y. Chan,‖,#,**

Sylvie Alonso,*,‡ Peter C. Dedon,*,†† Bing Lim,‡‡ and Jianzhu Chen*,xx

Engraftment of human CD34+ hematopoietic stem/progenitor cells into immunodeficient mice leads to robust reconstitution of

human T and B cells but not monocytes and macrophages. To identify the cause underlying the poor monocyte and macrophage

reconstitution, we analyzed human myeloid cell development in humanized mice and found that it was blocked at the promonocyte

stage in the bone marrow. Expression of human M-CSF or GM-CSF by hydrodynamic injection of cytokine-encoding plasmid

completely abolished the accumulation of promonocytes in the bone marrow. M-CSF promoted the development of mature

monocytes and tissue-resident macrophages whereas GM-CSF did not. Moreover, correlating with an increased human macro-

phages at the sites of infection, M-CSF–treated humanized mice exhibited an enhanced protection against influenza virus and

Mycobacterium infection. Our study identifies the precise stage at which human monocyte/macrophage development is blocked in

humanized mice and reveals overlapping and distinct functions of M-CSF and GM-CSF in human monocyte and macrophage

development. The improved reconstitution and functionality of monocytes/macrophages in the humanized mice following M-CSF

expression provide a superior in vivo system to investigate the role of macrophages in physiological and pathological processes.

The Journal of Immunology, 2013, 191: 3192–3199.

M
acrophages, monocytes, and dendritic cells (DC) form
the mononuclear phagocytic system. These phagocytic
cells are derived from the common myeloid precursors

in the bone marrow (BM). In the periphery, monocytes circulate

in the blood, whereas macrophages and DCs reside in the tissues.
Development of monocytes and macrophages is controlled by cyto-
kines, including M-CSF (also known as CSF-1), GM-CSF, and
IL-34. M-CSF was originally identified by its ability to stimulate
the generation of macrophage colonies when added to cultures of
BM progenitor cells in vitro (1). CSF1op/CSF1op mice, which
produce an aberrant form of M-CSF, exhibit a severely reduced
cellularity in the BM, a reduced number of circulating monocytes
and deficiency in some tissue macrophage populations (2–5).
However, follow-up studies showed that there is no reduction in
circulating monocytes, and the selective deficiency in tissue macro-
phage populations is corrected as CSF1op/CSF1op mice age (6,
7). Because of the conflicting results, whether M-CSF func-
tions in monocyte production in the BM or at the transition of
monocyte into macrophage in the tissues is still controversial (3,
4, 6, 8–10). GM-CSF was identified to stimulate the generation
of granulocyte and macrophage colonies when added to the BM
cell culture in vitro. Unlike M-CSF, deficiency in GM-CSF does
not compromise the steady state of myelopoiesis and production
of tissue macrophages, except the maturation of alveolar mac-
rophages in the lungs (11). Recently, IL-34 was found to bind
to M-CSF receptor and exhibited similar functions as M-CSF
in promoting the formation of CFU-macrophage (CFU-M) and
proliferation of monocytes in vitro (12). In IL-34–deficient mice,
development of Langerhans cells in the skin epidermis and
microglia in the CNS is selectively impaired (13). On the basis of
the phenotype of mice deficient in M-CSF, GM-CSF or IL-34,
each cytokine appears to play a selective role in the develop-
ment of specific subset of tissue macrophages. However, their role
in monocyte development in the BM is still unclear because of
considerable overlap in function among the three cytokines.
Study of cytokines in monocyte and macrophage development in

human has been largely limited to in vitro assays. Human GM-CSF
and IL-3 has been shown to promote formation of CFU-GM when
added to the BM cell cultures (14), whereas human M-CSF and
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IL-34 promoted CFU-M formation (13). Recent development of
humanized mice has opened up the possibility to study human
monocyte and macrophage development in vivo and the role of
cytokines in this process. Engraftment of human CD34+ hemato-
poietic stem/progenitor cells from cord blood or fetal liver (FL)
into immunodeficient mice lacking T, B, and NK cells, such as
NOD/scid Il2rg2/2 (NSG) mice, leads to the generation of various
human blood lineage cells in the recipient mice. In these hu-
manized mice, T and B cells are the most robustly reconstituted
human cell types, whereas reconstitution of myeloid cells, in-
cluding monocytes and macrophages, is much less efficient. This
is probably because humanized mice are deficient in human
M-CSF and GM-CSF, and mouse counterparts do not function on
human myeloid precursors (15). Supporting this hypothesis, ex-
pression of human M-CSF in humanized mice by hydrodynamic
injection of cytokine-encoding plasmid significantly improved the
reconstitution of human monocytes in the peripheral blood (16).
Similarly, knockin of human M-CSF gene into the corresponding
mouse locus in the recipient mice resulted in a significant increase
in the circulating human monocytes, although the increase in
tissue macrophages was much less (17). In GM-CSF/IL-3 knockin
mice, the level of human macrophages in the lungs was selectively
increased without apparent increase in human monocytes in the
circulation or macrophages in other tissues, consistent with the
requirement for GM-CSF and IL-3 for alveolar macrophage de-
velopment (18). Despite these progresses, it is still unclear at what
stage M-CSF and GM-CSF are required for human monocyte de-
velopment and to what extent the different human cytokines affect
tissue macrophage development in vivo.
In this study, we show human monocyte/macrophage develop-

ment in humanized mice is blocked at the SSChiCD14loCD45+

promonocyte stage in the BM. This block can be relieved by either
human M-CSF or GM-CSF. However, only M-CSF is capable of
stimulating development of phenotypically mature monocytes and
tissue macrophages. Furthermore, we show that M-CSF–induced
monocytes and macrophages are functional as they responded ro-
bustly to challenges by LPS, influenza virus, and Mycobacterium.
Our study identifies the precise stage at which human monocyte
development in humanized mice is blocked and the critical role
of M-CSF in the development of circulating monocytes and tis-
sue macrophages. These findings provide definitive evidence to
support a critical role of M-CSF and GM-CSF in human mono-
cyte development in the BM and their distinct functions in tissue
macrophage development. The enhanced reconstitution and func-
tionality of monocytes/macrophages in the humanized mice
following M-CSF expression also provide an in vivo system to
investigate the role of macrophages in physiological and patho-
logical processes.

Materials and Methods
Generation of humanized mice and hydrodynamic injection

Human FL samples were obtained from aborted fetuses at 15–23 wk of
gestation, in accordance with the institutional ethical guidelines of the
National University Hospital of Singapore and KK Women’s and Chil-
dren’s Hospital of Singapore. All women gave written informed consent
for the donation of their fetal tissue for research. NOD/scid Il2rg2/2

(NSG) mice were obtained from The Jackson Laboratory, and maintained
under specific pathogen-free conditions in the animal facilities at National
University of Singapore. Pups within 48 h of birth were sublethally irra-
diated (100 cGy) and engrafted with CD34+ FL cells by intracardiac in-
jection (2 3 105 cells/recipient). Human M-CSF (transcript variant 1),
GM-CSF, or IL-4 (transcript variant 1) were cloned into pcDNA3.1(+)
vector individually. Plasmid DNA was purified by Maxi-prep Kit (Prom-
ega) with endotoxin removal. For hydrodynamic injection, 50 mg plasmid
in 1.8 ml PBS was injected into 8 wk or older humanized mice within 7 s
using a 27-gauge needle. All experiments involving human tissues and

mice were approved by the institutional committees at National University
of Singapore and Massachusetts Institute of Technology.

Isolation of CD34+ FL cells

To isolate human CD34+ cells, FL tissues were cut into small pieces and
digested with collagenase IV (2 mg/ml) at 37˚C for 15 min. A single-cell
suspension was prepared by passing the digested tissue through a 100-mm
cell strainer (BD Biosciences), and CD34+ cells were purified with the
RosetteSep system using the CD34-positive selection kit (StemCell
Technologies). The purity of CD34+ cells was 90–99%.

Flow cytometry and cell sorting

Single-cell suspensions from the BM, spleen, lungs, and liver were prepared
as described previously (16). Cells were stained with the following Abs
specific for human CD45 (2D1) and CD34 (581) from BD Biosciences;
and CD14 (HCD14), CD16 (3G8), CD33 (WM53), CD117 (104D2),
CD11b (ICRF44), CD80 (2D10), CD163 (GHI61), CD68 (Y1-82A),
CD66b (G10F5), CD13 (WM15), and mouse CD45.1 (A20) from Bio-
Legend. Stained cells were analyzed by flow cytometry using LSRII, and
data were analyzed by FACSDiva (BD Biosciences) or FlowJo (Tree Star).
Cell sorting of monocyte/macrophage progenitors from the tibias of the
BM was performed using FACSAria cell sorter (BD Biosciences) based on
forward scatter (FSC) and side scatter (SSC).

Cell culture and CFU assay

Sorted monocyte/macrophage progenitors from the BM were cultured in
RPMI 1640medium, 10% FCS and supplemented with 50 ng/mlM-CSF for
macrophage differentiation or 50 ng/ml GM-CSF and 50 ng/ml IL-4 for DC
differentiation. All cytokines were purchased from R&D Systems. For CFU
assays, sorted monocyte/macrophage progenitors were plated at 2,000,
5,000, and 10,000 cells/dish in complete MethoCult media (MethoCult
H4435 enriched; StemCell Technologies), according to the product man-
ual. Cells were incubated in 35-mm culture dishes at 37˚C with 5% CO2.
The numbers of colonies were counted under a stereomicroscope after
14 d in culture.

Histology, cytospin, and Giemsa staining

For histology, mice were intracardiacally perfused with saline buffer for 10
min. Organs were harvested, placed in disposable molds, immersed in OCT,
and flash-frozen in liquid nitrogen. The blocks were stored at 280˚C until
use. Ten-micrometer sections were prepared and stained with anti-human
CD68 Ab (KP1) (Abcam) and anti-mouse CD68 Ab (FA-11) (Abcam).
Sections were analyzed using the Mirax Midi slider scanner (Zeiss). For
H&E stain, livers were embedded in paraffin, and 5-mm-thick sections
were prepared. The paraffin sections were stained with H&E and analyzed
via a light microscope.

For cytospin, mononuclear cells from blood or organs were isolated by
Percoll gradient centrifuge, and 105 cells in 100 ml 2% FCS–PBS were
added to the cytospin cassette and centrifuged at 1000 rpm for 5 min. The
cell smears on polylysine-coated slides were air-dried and fixed with 4%
paraformaldehyde. For Ki67 staining, cytospun cells were blocked and
stained with rabbit anti-human Ki67 (ab833) (Abcam) and mouse anti-
human CD68 (KP1) (Abcam) Abs. Slides were mounted with DAPI and
analyzed using the Mirax Midi slider scanner (Zeiss). For Giemsa staining,
cells were stained with Giemsa for 5 min and washed with distilled water.
The stained slides were examined under a microscope.

RNA extraction and real-time PCR

Total RNA was extracted from lysed tissues or cells with RNeasy Plus
Mini kit (Qiagen), according to the manufacturer’s instructions. RNA
(1 mg) was used for cDNA synthesis with ImProm-II Reverse Tran-
scription System (Promega). Quantitative RT-PCR was performed with
the CFX96 Real-Time System (Bio-Rad) using the following gene
specific primer pairs: human IL-6 (sense, 59-AATTCGGTACATCCTC-
GACGG-39, and antisense, 59-TTGGAAGGTTCAGGTTGTTTTCT-39),
human myeloperoxidase (MPO) (sense, 59-CCAGATCATCACTTACC-
GGGA-39, and antisense, 59-CACTGAGTCATTGTAG-GAACGG-39),
human PU.1 (sense, 59-ATAGCGACCATTACTGGGACT-39, and anti-
sense, 59-GGGTATCGAGGACGTGCAT-39), human LZM (sense, 59-
ATGGG-AGAGTGGTTACAACACA-39, and antisense, 59-CCAGTA-
GCGGCTATTGATCTGAA-39), human C/EBPb (sense, 59-CTTCAG-
CCCGTACCTGGAG-39, and antisense, 59-GGAGAGGAAGTCGTGG-
TGC-39), human c-myb (sense, 59-CTTCAGCCCGTAC-CTGGAG-39, and
antisense, 59-AGGCAGTAGCTTTGCGATTTC-39), and human EGR-1
(sense, 59-GGTCAGTGGCCTAGTGAGC-39, and antisense, 59-GTGC-
CGCTGAGTAA-ATGGGA-39). Expression values were calculated by
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comparative threshold cycle method and normalized to mouse L32 or
human GAPDH.

LPS challenge, influenza virus infection, and bacillus
Calmette–Guérin infection

Ten micrograms of LPS (Sigma-Aldrich) in 100 ml PBS was injected i.p.
into 10- to 12-wk-old humanized mice. Sera were collected before injec-
tion and 2 and 12 h after injection. Concentrations of human inflammatory
cytokines in the sera were analyzed by the Cytometric Bead Array System
(CBA) (BD Biosciences) on LSRII, according to the manufacturer’s
instructions, and data were analyzed by FCAP Array software (BD Bio-
sciences).

Influenza A/Puerto Rico/8/34 (H1N1) virus (300 PFU in 75 ml PBS) was
administered to anesthetized mice via intratracheal route. Lungs were
harvested before infection and 24, 48, and 72 h postinfection. For each
mouse, the left lobe was used for single-cell preparation for flow cytometry
analysis as described above. The superior lobe of right lung was cut to
extract RNA for quantitative RT-PCR analysis. The remaining of the three
right lobes were weighed and homogenized in ice-cold HBSS with 0.1%
BSA (100 mg tissue/ml). The lung homogenates were centrifuged at
10,000 3 g for 10 min at 4˚C to collect the supernatants for CBA assay to
measure the cytokine levels as above.

Mycobacterium bovis bacillus Calmette–Guérin (BCG) strain Pasteur
1173P2 (American Type Culture Collection, Manassas, VA) was grown in
7H9 culture medium at 37˚C in an 850-cm2 polystyrene roller bottle
(Corning) at 10 rpm. When the culture reached an OD (OD600) of 0.6,
bacilli were harvested. Each mouse was injected i.p. with 5 3 106 CFU
BCG in 0.5 ml. Before infection and at 24 and 72 h postinfection, the
peritoneum was flushed with 5 ml PBS, and the spleen was homogenized
in 10 ml PBS. The lavage and tissue homogenate were serially diluted in
triplicates in 7H9 medium and plated on 7H11 agar. The plates were kept
in incubator, and the numbers of colonies were counted after 4 wk. The rest
of the peritoneal lavage was centrifuged to obtain cells for flow cytometry
analysis and to extract RNA for quantitative RT-PCR analysis as described
above.

Statistical analysis

Data are presented as mean and SEM. The nonparametric Mann–WhitneyU
test was used to analyze the differences between two groups. A p value ,
0.05 was considered as statistically significant.

Results
Human monocyte development is blocked at the promonocyte
stage in the BM of humanized mice

Humanized mice were constructed by intracardiac injection of
sublethally irradiated newborn NSG pups with CD34+ human FL
cells. Twelve weeks later, the peripheral blood, spleen, BM, lungs,
and liver were analyzed for the presence of human CD14+CD11b+

monocytes/macrophages. The average percentages of CD14+

CD11b+ cells among the human CD45+ leukocyte population were
5.0 6 0.5% in the blood, 0.7 6 0.06% in the spleen, 20.2 6 1.7%
in the lung, 5.7 6 1.3% in the liver, and 19.0 6 5.2 in the BM
(Fig. 1A, Table I). To determine whether mature tissue-resident
macrophages were generated in humanized mice, we analyzed the
expression of macrophage marker CD68 by human CD14+ cells in
the spleen, BM, lungs, and liver. Most CD14+ cells were negative
for CD68 (Fig. 1B). These data suggest that reconstitution of human
monocytes/macrophages in humanized mice is poor, consistent with
previous reports (15, 19).
We noticed in the BM a unique cell population with high SSC

(Fig. 1C) and a significant human cell population with a low level
of CD14, a high level of CD11b but negative for CD68 (CD14lo

CD11bhiCD682) (Fig. 1A, 1B). To determine the relationship
between these two populations, the CD14lo cells were gated and
analyzed for FSC and SSC. More than 80% of CD14lo cells were

FIGURE 1. Characterization of the SSChi human cells in the BM of humanized mice. Cells from PBMC, spleen, lungs, liver, and BM of 12-wk-old

humanized mice were analyzed. Cells were stained for human CD45, CD14, plus CD11b or CD68 and analyzed by flow cytometry. (A) Shown are CD14

versus CD11b staining profiles. (B) CD14 versus CD68 staining profile gated on human CD45+ cells. (C) SSC versus FSC profiles of total live cells in the

various tissues. (D) CD14 versus CD11b (left panel) and SSC versus FSC (right panel) profiles of human CD45+ cells from the BM. The CD14loCD11b+

population was shown as blue. (E) Comparison of SSC versus FSC profiles of BM cells before (left panel) and after purification by cell sorting (right panel).

Data are representative of five independent experiments. (F) Sorted SSChi cells were cultured in triplicate in complete MethoCult for 14 d. Colonies were

examined and enumerated under a steromicroscope. A representative large CFU-M colony is shown from three independent experiments. (G) Sorted SSChi

cells were stained for human CD45, CD117, CD34, CD33, CD11b, and CD16 (black lines) and analyzed by flow cytometry and compared with unstained

controls (dash lines). Data are representative of three independent experiments. (H) Giemsa stain of sorted SSChi cells. Representative image is shown from

one of three samples. Inset, A higher magnification of the arrow-pointed cell. The numbers indicate magnifications. (I) RNA isolated from purified SSChi

cells, cord blood CD45+CD14+ cells, and cord blood CD45+CD34+ cells were analyzed by quantitative RT-PCR to measure the levels of human c-myb,

PU.1, EGR1, C-EBPb, VDR, LZM, and MPO transcripts. Shown are the mean values of duplicate samples. Input cDNA was normalized according to

GAPDH expression levels. Data are representative of two independent experiments.
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high for SSC (Fig. 1D), indicating that the cells in these two
populations are mostly the same. On average, ∼3 3 106 CD14lo

SSChi cells were recovered from one femur, representing ∼10% of
human cells in the BM. Thus, although the frequency of CD14+

human monocytes/macrophages is low in the blood and tissues,
there is a significant accumulation of CD14loSSChi monocytic cells
in the BM, suggesting a possible block of human monocyte de-
velopment in the BM.
To define the developmental stage of CD14loSSChi cells in the

BM of humanized mice, SSChi cells were purified (.90%) (Fig.
1E) and used in a series of analysis. We performed the colony-
forming cell assay to determine the frequency and types of pro-
genitors present in the population. Cells were plated in enriched
MethoCult, which supports the optimal growth of erythroid pro-
genitors and granulocyte/macrophage progenitors. After 2 wk of
culture, only CFU-M was detected, and the frequency was low (1/
220) (Fig. 1F), suggesting that SSChi cells in the BM are primarily
late-stage myeloid progenitors.
The purified SSChi cells exhibited a phenotype of CD45+CD342

CD1172CD33+CD11b+CD14loCD162 (Fig. 1D, 1G), resembling
the surface phenotype of promonocytes (Supplemental Fig. 1)
(20). Giemsa staining of the purified SSChi cells showed that
majority of these cells had an indented nucleus with clearly visible
nucleolus (Fig. 1H), which is also a characteristic of promonocyte.
Quantitative RT-PCR analysis revealed that the SSChi cells ex-
pressed human myeloid–specific genes, including PU.1, EGR-1,
VDR, and LZM (Fig. 1I), although the levels were lower than
those in cord blood CD14+ monocytes but much higher than the
levels in cord blood CD34+ progenitor cells. Compared with the
cord blood CD34+ progenitor cells, the SSChi cells had a lower
level of expression of early myeloid commitment gene c-myb and
a higher level of expression of myeloid differentiation gene C-EBPb,
suggesting that the SSChi cells are at the postmonoblast stage
(Supplemental Fig. 1) (21). In addition, the level of MPO was
much higher in SSChi cells than in cord blood CD14+ monocytes.
Because the expression of MPO is downregulated after monocyte
maturation, the relatively high level of MPO expression by the
SSChi cells suggests that they are still at the immature stage
(Supplemental Fig. 1) (22). Taken together, these data suggest that
the CD14loSSChi human cells in the BM are promonocytes.
Hence, human monocyte/macrophage development is blocked at
the promonocyte stage in the BM of humanized mice.

GM-CSF and M-CSF treatment promotes the release of
promonocytes from the BM of humanized mice

To stimulate further development of human promonocytes in the
BM of humanized mice, we expressed human M-CSF or GM-CSF
in mice by hydrodynamic delivery of cytokine-encoding plasmids
through tail vein injection. Seven days after M-CSF or GM-CSF
plasmid injection, the SSChi population disappeared from the
BM (Fig. 2A). As a control, expression of human IL-4 did not

affect the level of the SSChi population in the BM of humanized
mice. Notably, the frequencies of CD14+ monocytes were sig-
nificantly increased in the blood, spleen, liver, and lungs of
M-CSF– or GM-CSF–treated mice as compared with untreated or
IL-4–treated mice (Fig. 2B, Table I). Compared with those in
M-CSF–treated mice, a significant fraction of monocytes/
macrophages in GM-CSF–treated mice remained CD14lo. These
results suggest that although both M-CSF and GM-CSF can pro-
mote the release of promonocytes from the BM, M-CSF is re-
quired for the terminal differentiation of human promonocytes.
On the basis of the lack of CD16 expression (Fig. 1G), the SSChi

population is unlikely to include granulocytic precursors. To further
exclude this possibility, we assayed for induction of granulocytes
following hydrodynamic expression of G-CSF, Flt3 ligand (Flt3-L),
GM-CSF, and M-CSF. No significant increase in the frequency of
CD13+CD66b+ granulocytes was detected in the blood of human-
ized mice 7 d postcytokine expression (Supplemental Fig. 2C).

Table I. Quantification of human monocytes and macrophages in different organs of humanized mice with or without cytokine treatment

Control Mice M-CSF–Treated Mice GM-CSF–Treated Mice IL-4–Treated Mice

Tissue CD14+ CD14+ CD14+ CD14+ CD14+ CD14+ CD14+ CD14+

CD11b+ CD68+ CD11b+ CD68+ CD11b+ CD68+ CD11b+ CD68+

Blood 4.9 6 0.5 0.6 6 0.2 31.6 6 5.2 3.7 6 0.7 12.5 6 3.1 1.6 6 0.2 4.0 6 1.4 1.7 6 0.6
Spleen 0.7 6 0.1 0.3 6 0.1 19.7 6 7.3 11.7 6 5.9 2.9 6 0.6 0.7 6 0.2 0.5 6 0.0 0.3 6 0.0
Liver 5.7 6 1.3 1.0 6 0.0 56.8 6 5.9 30.9 6 10.2 24.2 6 5.5 10.2 6 2.4 3.2 6 0.7 1.8 6 0.9
Lung 20.2 6 1.7 2.9 6 0.8 62.2 6 9.4 28.4 6 6.4 36.5 6 0.1 17.1 6 0.8 11.2 6 2.1 4.7 6 0.5
BM 16.4 6 4.0 3.3 6 0.7 19.0 6 5.2 8.4 6 5.2 17.2 6 3.5 3.6 6 1.1 5.3 6 1.0 2.0 6 0.4

Humanized mice engrafted with CD34+ FL cells from the same donors were either untreated (control) or treated with M-CSF, GM-CSF, or IL-4. Cells from the indicated
tissues were stained for human CD45, CD14, plus CD11b or CD68, followed by flow cytometry analysis. Shown are the mean percentages and SEMs of human CD14+CD11b+

and CD14+CD68+ cells among CD45+ human cells in the blood, spleen, liver, lung, and BM. Data shown are from eight mice per group.

FIGURE 2. Differentiation of promonocytes in response to human

M-CSF and GM-CSF in humanized mice. pcDNA plasmids encoding

M-CSF, GM-CSF, or IL-4 were hydrodynamically injected into humanized

mice. Seven days after injection, single-cell suspensions were prepared

from the indicated tissues and stained for human CD45, CD14, and CD11b

and analyzed by flow cytometry. (A) SSC versus FSC profiles of total BM

cells. (B) CD14 versus CD11b staining profiles gating on human CD45+

cells from blood, the spleen, liver, lungs, and BM. The numbers indicate

the percentages of cells in the gated regions. Data are representative of

three independent experiments with a total of nine mice per group.
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Unlike GM-CSF– or M-CSF–treated mice, expression of G-CSF or
Flt3-L neither abolished the accumulation of SSChi population in
the BM nor improved the monocyte reconstitution in the blood
(Supplemental Fig. 2A, 2B). These data further support the desig-
nation of the SSChiCD14lo cells as promonocytes.

M-CSF treatment induces development of tissue resident
macrophages in humanized mice

We further analyzed the development of tissue resident human
macrophages in M-CSF–treated mice. Following perfusion, the
spleen, liver, and lungs were harvested, and cells were analyzed by
flow cytometry. The majority of CD14+ cells in the spleen, liver,
and lungs of M-CSF–treated mice were positive for macrophage
markers CD68 and CD163 (Fig. 3A). Interestingly, although the
frequency of blood CD14+ cells was increased in M-CSF–treated
mice (Table I), they remained CD68 negative, consistent with the
notion that monocytes acquire macrophage phenotype as they
enter tissues (23). Considerable numbers of mouse, but not human,
CD68+ macrophages were detected in the lung and liver sections
of untreated humanized mice (Fig. 3B), whereas in M-CSF–
treated mice both mouse and human CD68+ macrophages were
detected, and they had similar numbers and distributions in the
same tissue (Fig. 3C). To further determine the localization of
human macrophages in the liver, we stained paraffin-fixed liver
sections from M-CSF–treated mice with H&E and frozen liver
sections with anti-human CD68. High-resolution image analysis
revealed that human macrophages primarily occupied sinusoidal
spaces, the same as mouse Kupffer cells (Supplemental Fig. 3A).
These results show that M-CSF stimulates development of human
promonocytes in the BM into fully matured tissue-resident mac-
rophages in humanized mice.
In a recent study, IL-4 was shown to induce alternatively acti-

vated macrophages, which are generated by local macrophage
proliferation rather than maturation from circulating monocytes
(24). However, expression of IL-4 in humanized mice neither

reduced the accumulation of promonocytes in the BM nor pro-
moted the generation of human CD68+ macrophages in the tissues
(Fig. 2A, Supplemental Fig. 3B). To test whether local prolifera-
tion of macrophages in the presence of M-CSF may contribute
to the generation of tissue macrophages in the cytokine-treated
mice, mononuclear cells from the blood, spleen, liver, and lungs
of M-CSF–treated mice were cytospun and stained for the pro-
liferation marker Ki67 and human CD68. Consistent with results
from Fig. 3A, very few CD68+ cells were detected in the blood but
a significant fraction stained positive from the spleen, liver, and
lungs (Fig. 3D). However, none of the 1000 CD68+ cells counted
was stained positive for Ki67. Thus, neither IL-4 nor local pro-
liferation contribute significantly to the reconstitution of human
CD68+ macrophages in the tissues.

M-CSF–treated mice mount stronger responses to LPS,
influenza virus, and BCG

To determine whether the M-CSF-induced human monocytes/
macrophages are functional, we tested their ability to produce
proinflammatory cytokines in response to LPS. Humanized mice
with or without M-CSF treatment were bled before and 2 and 12 h
after LPS challenge, and the serum levels of human cytokines were
measured. Significantly elevated levels of human IL-6, TNF-a,
IL-1b, IL-8, and IL-10 were detected in the M-CSF–treated mice
but not in untreated mice (Supplemental Fig. 4A). Of note, the
basal levels of these cytokines were the same between M-CSF–
treated mice and untreated mice (before LPS challenge), indicating
that the induction of cytokines is not due to M-CSF expression.
Thus, the M-CSF–induced human monocytes and macrophages are
quiescent and can be activated to produce inflammatory cytokines
following LPS stimulation.
To test whether human macrophages in M-CSF–treated mice can

respond to influenza A virus infection, untreated and M-CSF–
treated humanized mice were infected intratracheally with influ-
enza A/Puerto Rico/8/34 (PR8) virus, and sacrificed at 24, 48, and

FIGURE 3. Development of tissue-resident human macrophages in M-CSF–treated mice. (A) Improved reconstitution of tissue-resident human mac-

rophages. Humanized mice were hydrodynamically injected with M-CSF encoding plasmid. Seven days after injection, single-cell suspension was prepared

from indicated tissues and stained for human CD45, CD14, CD68, and CD163. Shown are CD14 versus CD68 (upper panel) and CD14 versus CD163

(lower panel) staining profiles gating on CD45+ human cells. The numbers indicate the percentages of cells in the gated regions. Data are representative of

three independent experiments with a total of nine mice per group. (B and C) Comparison of immunofluorescence staining of mouse and human mac-

rophages in the lung and liver of untreated humanized mice (B) and M-CSF–treated mice (C). Lungs and liver were snap-frozen, cryosectioned, stained for

human CD68 (green) and mouse CD68 (red), and scanned by microscopy. Merged images are shown for sections from untreated humanized mice (B).

Single-color and merged images are shown for sections from M-CSF–treated mice. Insets, Higher magnification of the boxed areas. Representative images

are shown from one of five mice per group. Scale is indicated. (D) Seven days after injection of M-CSF plasmid, mononuclear cells from the blood, spleen,

liver, and lungs were cytospun onto glass slides and stained for Ki67 (green), human CD68 (red), and DAPI (blue). Representative images are shown from

one of five mice in two independent experiments.
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72 h postinfection. The level of viral replication in the lungs was
measured by quantitative PCR of viral nucleocapsid protein (NP)
transcript and normalized to the mouse ribosomal L32 transcript.
The level of viral NP transcript was significantly lower in the
M-CSF–treated mice than in untreated mice at 24 and 48 h
postinfection (Fig. 4A). Significantly more human macrophages
and other human leukocytes were recovered from the lungs of
M-CSF–treated mice than untreated mice at all three time points
postinfection (Supplemental Fig. 4B). The percentages of human
macrophages that upregulated costimulatory molecule CD80 was
also significantly higher in M-CSF–treated mice than untreated
mice at 24 h postinfection (Supplemental Fig. 4C). Furthermore,
significantly higher levels of human IL-6, TNF-a, and IL-1b were
detected in the lung homogenates of M-CSF–treated mice than
untreated mice at 48 h postinfection (Fig. 4B). Thus, better human
macrophage reconstitution in the lungs of M-CSF–treated mice is
associated with an enhanced human immune response to influenza
virus infection.
We further evaluated human macrophage response to Myco-

bacterium BCG, which has served as a classic model for studying
macrophage activation and migration (25). Both untreated and
M-CSF–treated mice were injected i.p. with 5 3 106 CFU BCG
and peritoneal lavage, and spleen homogenates were prepared 24
and 72 h later for BCG colony–forming assay. Significantly lower
numbers of BCG colony counts were observed in the spleen and
peritoneal lavage of M-CSF–treated mice than untreated mice
(Fig. 4C). Human CD14+CD11b+ macrophages were detected in
the peritoneal lavage of M-CSF–treated mice 24 h postinfection
but not in untreated mice or M-CSF–treated mice before BCG
infection (Fig. 4D). These data suggest that human monocytes/
macrophages can be recruited to the site of BCG infection in
M-CSF–treated mice.

Discussion
The ability to study humanmonocyte and macrophage development
in an in vivo setting is a unique advantage of humanized mice. In
this study, we report that human monocyte/macrophage develop-
ment is blocked at the promonocyte stage in the BM of humanized
mice. Expression of either human M-CSF or GM-CSF releases
the block and M-CSF further promotes development of promon-
ocytes into mature monocytes in the circulation and tissue-resident
macrophages. The M-CSF–induced monocytes/macrophages are
functional as they readily respond to LPS stimulation and influenza
virus and BCG infection. These findings reveal the stage at which
M-CSF or GM-CSF is required for human monocyte/macrophage
development and provide an in vivo system for studying the role
of human monocytes/macrophages in immunity and pathogenesis.
The role of cytokines in monocyte development in the BM,

especially in human, is still unclear. On the basis of the relatively
normal numbers of monocytes in the peripheral blood of GM-
CSF– or IL-34–deficient mice, both GM-CSF and IL-34 do not
appear to be required for monocyte development in the mouse. The
role of M-CSF in monocyte development, however, is more con-
troversial. Early studies reported that the number of monocytes was
reduced in the blood of M-CSF–deficient mice probably because of
a deficiency of osteoclasts that are required to maintain a functional
BM microenvironment (2, 4, 10, 26–28). A later study showed that
M-CSF was critical for the survival of circulating monocytes in the
periphery (29). A recent study, however, reported that the number
of circulating monocytes was not reduced in M-CSF–deficient
mice (6). Consistently, Ab blocking of CSF1R in mice selectively
inhibited monocyte maturation in the periphery without affecting
their numbers (30). Despite these discrepancies, current evidence
suggests that M-CSF is likely involved in the maturation and sur-
vival rather than the production of monocytes in mice.

FIGURE 4. Influenza virus and BCG infection in M-CSF–treated mice. (A and B) M-CSF–treated and untreated mice were infected intratracheally with

300 PFU PR8 virus. Lungs were harvested before infection (0 h) and 24, 48, and 72 h postinfection. The levels of viral NP transcript was measured by

quantitative RT-PCR and normalized to the level of mouse L32 transcript (A). CBA assay of human IL-6, TNF-a, IL-1b, IL-8, and IL-10 in lung

homogenates from untreated and M-CSF–treated humanized mice (B). Shown are the mean values and SEM of three mice per group. Data are representative

of two independent experiments. *p , 0.05. (C and D) M-CSF–treated mice and untreated mice were infected i.p. with BCG. Peritoneal lavage and spleen

were collected 24 and 72 h postinfection. Comparison of BCG colony counts from peritoneal lavage and the spleen of untreated and M-CSF–treated

humanized mice at 24 and 72 h postinfection (C). Each symbol represents colony counts from an individual mouse; horizontal bars indicate the mean

values. Error bars indicate SEM. *p, 0.05. Peritoneal cells from untreated and M-CSF–treated humanized mice before and 24 h postinfection were stained

for human CD45, CD14, and CD11b. CD14 versus CD11b staining profiles are shown for CD45+ human cells (D). The numbers indicate percentages of

cells in the gated areas.
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Our studies in humanized mice show that human monocyte/
macrophage development is blocked at the CD14loSSChi promono-
cyte stage in the BM because of the lack of human M-CSF and
GM-CSF. Expression of either M-CSF or GM-CSF leads to the
release of promonocytes from the BM, suggesting that M-CSF and
GM-CSF have overlapping function in the generation of mono-
cytes. M-CSF and GM-CSF could directly drive the differentiation
of promonocytes or provide survival signals to promonocytes to
respond to other internal and external cues for further differenti-
ation into circulating monocytes (29). Because provision of Flt3-L
did not stimulate promonocyte differentiation, Flt3-L is unlikely
involved in this process. In our study, we did not test the effect of
IL-34. It is possible that IL-34 may have the similar function as
M-CSF and GM-CSF considering they all promote monocyte
proliferation in vitro. The fact that human promonocytes accu-
mulated in the mouse BM suggests that mouse cytokines do not
replace human cytokines in this process, consistent with the ob-
servations that mouse M-CSF and GM-CSF do not react with
human cells (15). Because the BM microenvironment is unlikely
impaired in humanized mice, our findings reveal a direct role of
M-CSF and GM-CSF in human monocyte development in the BM
and suggest that M-CSF and GM-CSF may function differently
between mouse and human.
For a long time, tissue macrophages are thought to be derived

from circulating monocytes as donor-derived monocytes contribute
to tissue macrophages following BM transplantation (31). Re-
cently, however, accumulating evidence suggests that macro-
phages in many tissues, such as the brain and liver, are maintained
by self-renewal, independent of circulating monocytes (24, 31–
33). Following expression of human M-CSF in humanized mice,
human macrophages are induced and take up residence at the
same location in the liver and the lungs as the mouse macro-
phages. We further show that M-CSF–induced CD68+ macro-
phages did not proliferate in the tissues. In addition, IL-4, which is
known to induce alternatively activated macrophages (24), did not
reduce the accumulation of promonocytes in the BM or promote
the generation of human CD68+ macrophages in the tissues (Figs.
1A, 1B, 3). Thus, the mature tissue macrophages in M-CSF–
treated humanized mice are likely generated from further differ-
entiation of circulating monocytes rather than from proliferation
of newly generated macrophages in the tissues. Compared with
M-CSF–treated mice, where tissue macrophages were mature
(CD14hiCD68+), in GM-CSF– and IL-4–treated mice, although
human CD11b+ cells were found in the tissues, they remained
CD14lo and CD682 (Fig. 3; Supplemental Fig. 3B). Taken together,
these findings show that M-CSF, but not GM-CSF and IL-4, pro-
motes further differentiation of circulating human monocytes
into mature tissue macrophages.
There have been significant efforts to improve human monocyte/

macrophage reconstitution in humanized mice. The reconstitu-
tion level and function of monocytes/macrophages in the M-CSF–
treated humanized mice compare favorably to those reported re-
cently using different approaches. Human GM-CSF, IL-3, and
M-CSF genes have been used to replace the corresponding mouse
genes in BALB/c Rag22/2gc2/2 mice. In M-CSF knockin mice,
the level of human CD14+ monocytes in the circulation was in-
creased ∼6-fold, reaching 30% of human CD45+ cells, whereas
the highest level of tissue macrophage reconstitution was still
under 5% of human CD45+ cells (17). In GM-CSF/IL-3 knockin
mice, the level of human macrophages in the lungs was increased
without apparent increase in human monocytes in the circulation
or macrophages in other tissues (17, 18). In comparison, following
expression of M-CSF, circulating monocytes were increased ∼10-
fold in humanized mice, and the significant levels of human

macrophages were also detected in the spleen, liver, and lungs,
reaching 20–70% of human leukocytes in these tissues. We further
show that M-CSF–induced macrophages are mature as they ex-
press CD68 and have similar distribution pattern as endogenous
mouse macrophages in the liver and lungs, whereas monocytes in
the blood did not express CD68 in M-CSF–treated mice, as ex-
pected. Compared with the cytokine gene knockin mice where
human cytokines were ∼50 pg/ml in the mouse serum (17), the
more efficient induction of human monocytes and macrophages
following hydrodynamic expression of M-CSF is probably due to
the high level of human cytokine that was produced (2.5 ng/ml in
serum at 24 h postinjection).
We carried out a series of analyses to show that M-CSF–induced

human macrophages are functional. Following LPS stimulation,
low levels (∼300 pg/ml) of human IL-6 and TNF-a were induced
in the sera of humanized M-CSF knockin mice (17). In humanized
GM-CSF/IL-3 knockin mice, the level of human IL-6 reached
∼6000 pg/ml (18). In comparison, we detected much higher levels
of IL-6 and TNF-a (∼70,000 pg/ml) following LPS challenge in
M-CSF–treated humanized mice. We also detected high levels of
IL-8 (35,000 pg/ml) and IL-1b (2,000 pg/ml). When GM-CSF/IL-
3 knockin mice were challenged with influenza virus, induction of
human IL-6 was detected by ELISA and TNF-a and IFN tran-
scripts by RT-PCR. However, no difference in virus replication in
the lungs was observed in the presence of human macrophages. In
our M-CSF–treated humanized mice, besides induction of sig-
nificant levels of IL-6, TNF-a, and IL-1b, the virus replication
was significantly lower in M-CSF–treated than in nontreated hu-
manized mice. Furthermore, BCG counts were also significantly
lower in the spleen and peritoneum in M-CSF–treated than in
nontreated humanized mice. The decrease in bacterial counts in
the peritoneum was associated with migration of human macro-
phages to the site of infection. Taken together, our results show
that expression of M-CSF in humanized mice promote develop-
ment of functional monocytes and tissue macrophages.
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