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Regulation of Inflammatory Monocyte/Macrophage

Recruitment from the Bone Marrow during Murine

Cytomegalovirus Infection: Role for Type I Interferons in

Localized Induction of CCR2 Ligands1

Meredith J. Crane,* Kirsten L. Hokeness-Antonelli,† and Thais P. Salazar-Mather2*

Monocytes/macrophages are critical early innate immune responders during murine CMV (MCMV) infection. It has been es-

tablished that inflammatory monocyte/macrophages are released from the bone marrow and into the peripheral blood before entry

into infected tissue sites. We previously reported a role for IFN-�/� in promotion of CCR2-mediated recruitment of monocyte/

macrophages into the liver in response to MCMV infection. However, the mechanisms that support the migration of monocyte/

macrophages from the bone marrow and into the peripheral blood under conditions of MCMV infection have not been elucidated.

Herein, we demonstrate an accumulation of monocyte/macrophages in the bone marrow of MCMV-infected CCR2-deficient mice,

whereas circulating monocyte/macrophages are profoundly diminished. The CCR2 ligands MCP-1, MCP-3, and MCP-5 are

detected in bone marrow and in serum from MCMV-infected mice. Furthermore, bone marrow leukocytes from naive mice

produce high levels of MCP-1 and MCP-5, and moderate levels of MCP-3, when stimulated with recombinant IFN-� in culture.

We identify bone marrow F4/80� cells as major producers of MCP-1, MCP-3, and MCP-5. Moreover, induction of CCR2 ligands

is dependent on IFN-�/�-mediated signals and MCMV infection. Taken together, the results reveal a critical role for inflammatory

cytokines in stimulating production of CCR2-binding chemokines from F4/80� cells in the bone marrow, and they suggest that

local production of chemokines supports monocyte/macrophage egress from the bone marrow into the blood during a virus

infection. The Journal of Immunology, 2009, 183: 2810–2817.

C
ytomegaloviruses are species-specific betaherpesviruses.

Human CMV causes asymptomatic infection in immu-

nocompetent individuals, but it can cause debilitating

disease in immunosuppressed patients such as those infected with

HIV or transplant recipients (1, 2). Like human CMV, murine

CMV (MCMV)3 is hepatotropic and serves as an animal model

system for understanding human infection (3, 4). During acute

MCMV infection, innate immune responses induced by type I

IFNs (IFN-�/�) are critical to antiviral defense. Coordination of

cytokine and chemokine networks is essential to early control of

infection. Induction of IFN-�/� by plasmacytoid dendritic cells in

the liver stimulates production of the chemokine MCP-1 (or

CCL2) by resident liver macrophages (5). This is followed by an

influx of trafficking macrophages that contribute to production of

the chemokine MIP-1� (or CCL3) to recruit NK cells (6, 7). NK

cells play a major role in liver antiviral defense by producing an

early peak of IFN-� and coordinating downstream adaptive T cell

responses (8–11). Therefore, mobilization of inflammatory mono-

cyte/macrophage populations to sites of MCMV infection is abso-

lutely critical to antiviral defense.

Monocytes comprise a highly heterogeneous population of leu-

kocytes that originate in the bone marrow and have the potential to

develop into macrophages and dendritic cells (12). Murine mono-

cytes express F4/80 and CD11b Ags and are subdivided into sub-

sets according to their differential expression of CCR2, CX3CR1,

and Ly6C (13–15). Homeostatic or resident monocytes are char-

acterized as CCR2�CX3CR1�Ly6Clow and seed peripheral com-

partments to reconstitute resident macrophage or dendritic cell

populations. Conversely, inflammatory monocytes are defined as

CCR2�CX3CR1lowLy6Chigh and become mobilized in response to

inflammatory cues. Expression of CCR2 on the surface of inflam-

matory monocytes directs their recruitment to inflamed tissue sites.

The CC chemokines MCP-1 (CCL2), MCP-3 (CCL7), and MCP-5

(CCL12) can bind CCR2 and trigger activation (16–18). CCR2

and MCP-1 interactions are well documented as promoters of

monocyte recruitment during infection and in various other

models of inflammation (19 –24). The in vivo role of MCP-3

and MCP-5 in monocyte chemotaxis and inflammation is less

well characterized.

Recent studies using Listeria monocytogenes as a model of in-

fection have defined a unique role for CCR2 in regulation of

monocyte dissemination (25). Interestingly, in this model, CCR2

expression was required for inflammatory monocyte emigration

from the bone marrow but not entry into the peripheral tissues

from the circulation. Monocyte recruitment from bone marrow into

circulation was also shown to be dependent on MCP-1 and MCP-3
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during this bacterial infection and in a model of hypercholesterol-

emia (26, 27). These findings define a new role for chemokines,

whose production by cells at peripheral sites of infection is con-

ventionally thought to attract leukocytes that express the appropri-

ate activating chemokine receptor from the circulation. The new

model suggests that chemokine-chemokine receptor interactions

may be required to attract leukocytes into the circulation from sites

such as bone marrow, thus regulating the availability to peripheral

tissue compartments.

During MCMV infection, CCR2 and MCP-1 have defined roles

in recruiting inflammatory monocyte/macrophages to the liver (5,

28). CCR2- and MCP-1-deficient mice recruit fewer monocyte/

macrophages into the liver by 48 h postinfection. This is associated

with reduced downstream protective responses (28). It is not

known whether CCR2-dependent effects influence the recruitment

of monocyte/macrophages into the liver by indirectly promoting

their release from the bone marrow into the blood during MCMV

infection. Additionally, the in vivo cellular and molecular mech-

anisms promoting CCR2 ligand expression in the bone marrow

have not yet been determined.

The studies presented herein were undertaken (1) to define

CCR2-dependent roles in the regulation of monocyte/macrophage

mobilization from the bone marrow into the blood, and (2) to iden-

tify a mechanism for induction of CCR2 ligand expression in the

bone marrow during MCMV infection. The results indicate that

inflammatory monocyte/macrophages accumulate in the bone mar-

row, but are diminished in the blood, of CCR2-deficient mice dur-

ing MCMV infection. Furthermore, we demonstrate that MCMV

infection induces MCP-1, MCP-3, and MCP-5 production in the

bone marrow and in the blood. IFN-�/�-mediated effects are

shown to elicit production of CCR2 ligands in the bone marrow.

Furthermore, F4/80� bone marrow leukocytes are identified as the

primary responders to IFN-�/� stimulation for CCR2 ligand pro-

duction. Collectively, these results clearly demonstrate that inflam-

matory cytokines promote chemokine production in the bone mar-

row, and they suggest that local production regulates monocyte/

macrophage emigration from the bone marrow into the blood

during a virus infection.

Materials and Methods
Mice

Pathogen-free C57BL/6 and B6-CCR2�/� mice were obtained from The
Jackson Laboratory. B6-IFN-�/�R1�/� mice (provided by Dr. L. Brossay,
Brown University, Providence, RI) were generated as described (29, 30).
All mice, except C57BL/6, were bred and maintained in pathogen-free
mouse facilities at Brown University. Age- and sex-matched mice were
used in all experiments. Mouse handling and experimental procedures
were conducted in accordance with institutional guidelines for animal
care and use.

Virus infection

The Smith strain of MCMV was a salivary gland-passaged virus stock
prepared from CD1 mice and titrated by plaque assay on NIH3T3 cells
(American Type Culture Collection). Infections were initiated on day 0 by
i.p. injection at a dose of 5 � 104 PFU per mouse. In vivo responses were
examined either 40 or 48 h postinfection.

Preparation of leukocytes, serum, and conditioned media

Whole blood was treated with NH4Cl2 to lyse erythrocytes and washed
twice in PBS containing 1% heat-inactivated FCS (HyClone Laboratories).
Bone marrow cells were obtained by flushing the femur with RPMI 1640
supplemented with 10% heat-inactivated FCS, followed by RBC lysis. The
number of viable cells was determined by trypan blue exclusion. Serum
was collected following centrifugation of collected whole blood. For gen-
eration of conditioned media, leukocytes were plated without additional
stimulation in round-bottom microtiter plates at 106 cells per well in RPMI
1640 supplemented with 10% heat-inactivated FCS. After 24 h of incuba-

tion at 37°C, cell-free supernatants were collected and used for cytokine
analyses.

Flow cytometric analyses and monocyte/macrophage enrichment

The following fluorochrome-labeled mAbs were used to distinguish in-
flammatory monocytes (12, 13, 25–28): PE-conjugated anti-F4/80 (Sero-
tec), allophycocyanin-conjugated anti-CD11b (BD Biosciences or eBio-
science), and FITC-conjugated Ly6C (BD Biosciences). Cells were
incubated with anti-CD16/CD32 mAb (clone 2.4G2; BD Biosciences) to
block nonspecific binding of Abs to the receptor of the Fc portion of the Ig
followed by the indicated Abs. Isotype control Abs were used to correct for
background fluorescence and set analysis gates. Cells were acquired using
a FACSCalibur and analyzed with CellQuest software (BD Biosciences).
Total bone marrow leukocytes labeled with PE-F4/80 were sorted using a
high speed FACSAria (BD Biosciences) to enrich monocyte/macrophages.
Cells negative for the selection markers were also retrieved. Purity and
viability were analyzed immediately after enrichment. F4/80� or F4/80�

cells were typically enriched by 85–95%.

In vitro stimulation of cytokine production

Total bone marrow cells or sorted F4/80� and F4/80� populations from
uninfected C57BL/6 mice were cultured in 96-well microtiter plates with
or without various amounts of recombinant IFN (rIFN)-�A/D (Pestka Bio-
medical Laboratories) as described before (28). After 24 h of incubation,
cell supernatants were collected.

Cytokine analysis

Serum, bone marrow leukocyte-conditioned media, and culture superna-
tants after in vitro stimulation were tested for MCP-1, or MCP-5 using
Quantikine kits or DuoSets (R&D Systems), and MCP-3 using Instant
ELISA (Bender MedSystems). The limits of detection were 15–32 pg/106

cells.

Statistical analyses

Statistical significance of experimental results was analyzed by two-tailed
Student’s t test where indicated ( p � 0.05).

Results
CCR2 deficiency affects monocyte/macrophage accumulation in

bone marrow and blood following MCMV infection

Myeloid lineage cells develop in the bone marrow and seed the

periphery under homeostatic conditions or enter the circulation in

response to inflammatory stimuli. Our previous studies identified a

function for CCR2 in macrophage recruitment to the liver during

MCMV infection (5, 28). In the absence of CCR2 signaling, fewer

circulating monocyte/macrophages accumulate in the liver by 48 h

postinfection. To examine whether this recruitment defect occurs

at the level of monocyte/macrophage egress from bone marrow,

we examined the expression of F4/80 and CD11b on cells in bone

marrow leukocytes prepared from uninfected or 48 h MCMV-in-

fected C57BL/6 mice that were immunocompetent (wild type,

WT) or genetically deficient in CCR2 (CCR2�/�). The results

demonstrate comparable monocyte frequencies and total numbers

in uninfected WT and CCR2�/� mice using flow cytometric anal-

ysis (Fig. 1A–C). However, at 48 h following infection, the pro-

portions and total numbers of F4/80�CD11b� cells were signifi-

cantly elevated in the bone marrow of CCR2-deficient mice as

compared with WT controls. In contrast, the proportions (Fig. 1, D

and E) and total numbers (Fig. 1F) of monocyte/macrophages in

the blood were significantly reduced in uninfected and MCMV-

infected CCR2�/� as compared with WT controls. These results

indicate that CCR2-mediated effects contribute to monocyte re-

lease from bone marrow into blood under both homeostatic and

viral infection conditions.

Monocyte/macrophages retained in the bone marrow in the

absence of CCR2 have an inflammatory phenotype

Ly6Chigh monocytes are correlated with CCR2 expression and are

preferentially recruited to sites of inflammation. Conversely,

2811The Journal of Immunology
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Ly6Clow/int monocytes express little or no CCR2 and compose

resident or homeostatic monocyte/macrophage populations (13–

15). Recent studies have suggested that CCR2-mediated signals in

bone marrow determine the release of Ly6Chigh monocytes into the

circulation (25, 26, 31). To further investigate the role of CCR2 in

regulating monocyte mobilization from the bone marrow during

MCMV infection, we characterized inflammatory and homeostatic

monocyte/macrophage populations on the basis of F4/80, CD11b,

and Ly6C cell surface marker expression. Bone marrow leukocytes

prepared from uninfected or 48 h MCMV-infected WT or

CCR2�/� mice were analyzed for expression of Ly6C on gated

F4/80�CD11b� populations by flow cytometry. Two Ly6C pop-

ulations were distinguished, one expressing high levels of Ly6C

and one expressing low/intermediate levels. During infection, a

significant increase was observed in the proportions of F4/

80�CD11b�Ly6Chigh monocytes in CCR2�/� mice when com-

pared with WT counterpart controls (Fig. 2, A and B). Likewise,

CCR2�/� mice exhibited a 61% increase in the total numbers of

F4/80�CD11b�Ly6C� monocytes accumulating in the bone mar-

row when compared with control mice under conditions of MCMV

infection (Fig. 2C). Significant differences in proportions or total

numbers of inflammatory monocytes were not detected in bone

marrow leukocyte samples from uninfected WT or CCR2�/�

mice. In contrast, uninfected CCR2�/� mice had a profound re-

duction in the frequency and total number of inflammatory mono-

cytes in blood when compared with WT mice (Fig. 2D–F). In

response to MCMV infection, WT and CCR2�/� mice demon-

strated 2- and 6-fold increases in frequencies of circulating inflam-

matory monocytes (Fig. 2E), respectively. Because total F4/

80�CD11b� blood leukocyte yields for WT and CCR2�/� mice

were 1.5 � 105
� 9 � 104/ml and 4 � 104

� 2 � 104/ml, re-

spectively, the CCR2�/� mice had statistically significant 4-fold

lower numbers of inflammatory monocytes in blood (Fig. 2F). Ex-

amination of F4/80�CD11b�Ly6Clow/int cells in bone marrow or

blood revealed no significant differences in the proportions or

numbers between uninfected or MCMV-infected WT and

CCR2�/� mice (data not shown). These results confirm that

CCR2-mediated responses promote Ly6Chigh bone marrow mono-

cyte release into the blood circulation. Additionally, infection in

the presence or absence of CCR2 induces an increase in the fre-

quency of circulating Ly6Chigh monocytes, but CCR2-mediated

signals are needed to maintain significant numbers of the popula-

tion in blood.

MCMV infection induces expression of CCR2 ligands in the

bone marrow and blood

It has been established that the major chemokines controlling

monocyte chemotaxis are the monocyte chemoattractant proteins,

MCP-1, MCP-3, and MCP-5 (17, 26, 27, 32, 33), which bind and

trigger signaling of CCR2. Considering the importance of CCR2 in

bone marrow responses, we examined expression of these chemo-

kines in bone marrow leukocyte conditioned media (CM) during

MCMV infection. As shown in Fig. 3A, MCP-1 and MCP-5 fol-

lowed a comparable pattern of production, with maximal chemo-

kine levels evident at 40 h after infection and rapidly declining

thereafter. However, the levels of MCP-1 were 2-fold greater than

MCP-5. In contrast, MCP-3 was induced to lower concentrations

and exhibited a delay in production, with maximal levels reached

at 48 h, before subsiding by 72 h, following infection.

FIGURE 1. CCR2-mediated effects on monocyte/macrophage accumulation in bone marrow and blood during MCMV infection. Samples were prepared

from C57BL/6 (WT) or mice genetically deficient in CCR2 (CCR2�/�) that were uninfected (day 0) or infected with MCMV for 48 h. To characterize the

accumulation of monocyte/macrophages, bone marrow (A–C) and blood (D–F) leukocytes were labeled with F4/80 and CD11b and examined by flow

cytometry. Representative dot plots for each group are shown after gating on live lymphocyte/monocyte populations (A and D). The percentages (B and

E) and total numbers (C and F) of F4/80�CD11b� cells are shown. Data shown represent the means � SE of six to nine mice from at least two independent

experiments. �, p � 0.04 as compared with WT controls.

2812 IFN-�/� REGULATION OF CCR2 LIGAND PRODUCTION IN BONE MARROW
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To further characterize kinetics and peak responses of CCR2

ligands, serum production of MCP-1, MCP-3, and MCP-5 was

evaluated. The results demonstrate that MCP-1 protein reached

maximal and sustained serum levels between 40 and 48 h after

MCMV infection, with production declining by 72 h following

infection (Fig. 3B). MCP-5 followed a similar pattern of produc-

tion as with MCP-1, but levels were 2-fold less than MCP-1.

MCP-3 was marginally induced and remained relatively low

throughout infection when compared with MCP-1 and MCP-5.

These results demonstrate that MCMV induces significant levels

of MCP-1 and MCP-5, and to a lesser degree MCP-3, in bone

marrow and blood, and also establish the kinetics of production.

IFN-�/� requirements for MCP-1, MCP-3, and MCP-5

production in bone marrow

It has been established that maximal levels of IFN-�/� protein are

induced in the serum and peripheral tissues within 40 h after in-

fection with MCMV (7, 34–36). Previous studies have also iden-

tified IFN-�/� as a prominent factor eliciting production of MCP-1

in the liver during MCMV infection (5). We therefore assessed the

contribution of IFN-�/�-dependent functions on chemokine pro-

duction in the bone marrow. For these studies, bone marrow leu-

kocytes were prepared from uninfected C57BL/6 mice that were

immunocompetent (WT) or deficient in IFN-�/� receptor signal-

ing (IFN-�/�R�/�) and incubated with increasing physiological

doses of rIFN-�. ELISA was used to measure induction of MCP-1,

MCP-3, and MCP-5 proteins in cell-free supernatants. The results

show a dose-dependent induction of the three chemokines in sam-

ples from WT mice (Fig. 4). The most profound effects were on

MCP-1 and MCP-5 production, whereas MCP-3 was only margin-

ally induced. This effect was type 1 IFN-specific, as bone marrow

cells from IFN-�/�R�/� mice failed to induce MCP-1, MCP-3, or

MCP-5 in response to rIFN-�. Hence, rIFN-� treatment promotes

MCP-1, MCP-5, and, to a lesser extent, MCP-3 production in the

bone marrow.

Additionally, to assess whether IFN-�/� signaling affects CCR2

ligand production in vivo, CM was generated from total bone mar-

row leukocytes prepared from uninfected or 40 h MCMV-infected

WT or IFN-�/�R�/� mice. Cell-free supernatants were examined

for production of MCP-1, MCP-3, and MCP-5 by ELISA. The

results show a modest release of MCP-1 protein in uninfected WT

mice (Fig. 5A), whereas the levels of MCP-5 and MCP-3 proteins

were below the level of detection (Fig. 5, B and C). IFN-�/�R�/�

mice lacked detectable levels of all three chemokines. Under con-

ditions of MCMV infection, elevated levels of MCP-1, MCP-5,

and MCP-3 proteins were revealed in bone marrow leukocytes

prepared from WT mice. In contrast, moderate levels of MCP-1

protein, but undetectable levels of MCP-5 and MCP-3, were ob-

served in bone marrow leukocytes prepared from infected IFN-�/

�R�/� mice. Collectively, the results demonstrate a significant

FIGURE 2. Characterization of CCR2-mediated effects on inflammatory monocyte/macrophage accumulation in the bone marrow and blood. Samples

were prepared from C57BL/6 (WT) or mice genetically deficient in CCR2 (CCR2�/�) that were uninfected (day 0) or infected with MCMV for 48 h. To

characterize the accumulation of inflammatory monocyte/macrophages, bone marrow (A–C) and blood (D–F) leukocytes were labeled with F4/80, CD11b,

and Ly6C and examined by flow cytometry. Inflammatory monocyte/macrophages were identified by analysis of Ly6C high expression after gating on the

F4/80�CD11b� cells. Representative dot plots and histograms for each group are shown (A and D). The percentages (B and E) and total numbers (C and

F) of Ly6ChighF4/80�CD11b� cells are shown. Data shown represent the means � SE of six to nine mice from two independent experiments. �, p � 0.04;

��, p � 0.008 as compared with WT controls.

FIGURE 3. Kinetics of MCP-1, MCP-3, and MCP-5 in the bone mar-

row and serum during MCMV infection. Serum samples and bone marrow

leukocytes were prepared from C57BL/6 mice that were uninfected or

infected with MCMV after the indicated hours. For generation of leukocyte

conditioned media, bone marrow cells were cultured for 24 h in medium

without additional stimulation. Spontaneous release of MCP-1, MCP-3, or

MCP-5 in cell-free supernatants (A) or in serum (B) was measured by

standard sandwich ELISA. Data represent the means � SE (n � 2–3 mice

tested individually). Results are representative of three independent

experiments.

2813The Journal of Immunology
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role for IFN-�/� signaling in inducing production of CCR2 ligands

in the bone marrow during MCMV infection.

F4/80-expressing cells are major cellular sources of CCR2

ligands in bone marrow during MCMV infection

It has recently been demonstrated that the F4/80� population of

liver leukocytes are potent producers of MCP-1 during MCMV

infection (5). We therefore determined whether F4/80-expressing

cells were critical cellular sources of MCP-1, MCP-3, and MCP-5

in the bone marrow in response to MCMV infection. We first

assessed the ability of these cells to respond to rIFN-� treatment

for chemokine production. Total bone marrow cells were prepared

from uninfected C57BL/6 mice and enriched or depleted of F4/

80� cells. Total, F4/80-enriched or F4/80-depleted cells were un-

treated or treated with rIFN-� at a dose of 312.5 or 1250 U/ml. CM

was generated and ELISA was used to measure the levels of

MCP-1, MCP-3, and MCP-5 proteins in cell-free supernatants. Un-

treated cells released low levels of MCP-1 (Fig. 6A) and marginal

to below detectable levels of MCP-5 (Fig. 6B) and MCP-3 (Fig.

6C). Total and enriched F4/80� bone marrow leukocytes released

significant amounts of MCP-1 and MCP-5 in response to rIFN-� in

a dose-dependent manner. The levels of chemokines were higher

from enriched F4/80� cell populations than from total bone mar-

row leukocytes. MCP-3 was modestly induced in total cells stim-

ulated with a high dose of rIFN-�. However, production was sub-

stantially elevated in conditioned media from enriched F4/80�

cells in response to rIFN-� treatment. F4/80-depeleted cells from

the same mice failed to respond to rIFN-� stimulation, and che-

mokine production was negligible. Thus, rIFN-� stimulates

MCP-1, MCP-3, and MCP-5 production from F4/80� bone mar-

row cells.

To establish and specifically evaluate the contribution of IFN-

�/� responses in induction of CCR2 ligand production from bone

marrow F4/80� cells during MCMV infection, CM was prepared

from total bone marrow leukocytes, enriched F4/80� or F4/80�

cells isolated from WT or IFN-�/�R�/� mice that were uninfected

or infected with MCMV for 40 h. Enriched samples contained the

same number of viable cells. ELISA was used to assess production

of MCP-1, MCP-3, and MCP-5 in cell-free supernatants. As shown

in Fig. 7, chemokine production was modest or undetectable in

total and F4/80-enriched cells from uninfected WT and IFN-�/

�R�/� mice. In response to MCMV infection, total cell popula-

tions from WT mice were induced to produce MCP-1, MCP-3, and

MCP-5. However, the levels of chemokines produced by enriched

F4/80� cells were markedly elevated over the levels produced by

the total leukocytes. The results also show induction of MCP-1 in

total and F4/80� enriched cells of IFN-�/�R�/� mice during in-

fection (Fig. 7A). Nevertheless, the induced responses observed in

IFN-�/�R�/� mice were reduced by 2-fold when compared with

those in infected WT mice. Additionally, significant increases in

MCP-1 levels were not observed in the F4/80-enriched populations

from IFN-�/�R�/� mice when compared with total cells. MCP-5

and MCP-3 production was marginal or undetectable in total and

F4/80� cells from infected IFN-�/�R�/� mice (Fig. 7, B and C).

CCR2 ligand production was below the level of detection in F4/

80-depleted cell populations from MCMV-infected WT and IFN-

�/�R�/�mice. Collectively, these results identify F4/80� cells in

the bone marrow as a major source of MCP-1, MCP-3, and MCP-5

production, and they clearly establish IFN-�/� as a critical signal

promoting induction of these chemokines during MCMV

infection.

Discussion
These studies evaluate the effects of CCR2-dependent functions in

the bone marrow during MCMV infection, and they establish a

role for IFN-�/� in promotion of CCR2 ligands at this site. The

results demonstrate impaired monocyte/macrophage trafficking

from the bone marrow and into circulating blood in the absence of

FIGURE 4. IFN-�/� effects on CCR2 ligand production. Total bone

marrow leukocytes from naive C57BL/6 (WT) or IFN-�/�R�/� mice were

pooled (n � 3–4 mice/group) and stimulated with rIFN-� at the doses

indicated. Leukocytes were cultured overnight, and collected cell-free su-

pernatants were evaluated for production of MCP-1, MCP-3, and MCP-5

by sandwich ELISA. Data represent the means � SE of two independent

experiments.

FIGURE 5. IFN-�/� effects on CCR2 ligand production during MCMV infection. Total bone marrow leukocytes were collected from uninfected or 40 h

MCMV-infected WT or IFN-�/�R�/� mice. Conditioned media was generated from leukocyte cultures as described in Materials and Methods and

evaluated for (A) MCP-1, (B) MCP-5, and (C) MCP-3 production by ELISA. Shown are the means � SE (n � 2–3 mice/group). Data are representative

of three experiments. ‡, Below the level of detection.
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CCR2 signaling. Specifically, CCR2-deficient mice show an ac-

cumulation of monocyte/macrophages with an inflammatory phe-

notype in the bone marrow that is associated with a profound re-

duction of these cells in the blood following infection. MCP-1,

MCP-3, and MCP-5, which are known CCR2 ligands, were pro-

duced by leukocytes in the bone marrow and detected in blood

under conditions of MCMV infection; however, variability in the

induction kinetics and levels of production were observed. Impor-

tantly, we identify bone marrow F4/80-expressing cells as critical

sources of MCP-1, MCP-3, and MCP-5, and demonstrate a depen-

dence on IFN-�/� signaling and MCMV infection for induction.

It has been clearly established that monocyte/macrophages are

generated in the bone marrow and enter the circulation, where they

are made available to sites of inflammation (13, 14, 37, 38). During

MCMV infection, macrophage trafficking to the liver is largely

dependent on CCR2 signaling (28). Here, CCR2 activation within

the bone marrow is shown to control the magnitude of monocyte/

macrophage release from this compartment following MCMV in-

fection. In support of a role for CCR2 in mediating this process,

only inflammatory monocyte/macrophages expressing high levels

of Ly6C, which correlates with CCR2 expression (12–15), were

found to accumulate in the bone marrow during MCMV infection.

Importantly, Ly6Chigh monocyte/macrophages were dramatically

reduced in the blood of CCR2-deficient mice. Consistent with

other studies (25, 26, 31, 39), this cell population was also reduced

in the circulation of uninfected CCR2-deficient mice, indicating a

homeostatic role for CCR2 in regulating monocyte/macrophage

egress from the bone marrow. During MCMV infection, the pro-

portions of inflammatory monocyte/macrophages in the blood of

CCR2-deficient mice were comparable to those of WT mice. Thus,

our results do not exclude other chemokine/chemokine receptor

responses in promoting monocyte mobilization into the circulation

in the absence of CCR2 signaling during infection. Nevertheless,

total numbers of inflammatory monocyte/macrophages were pro-

foundly abrogated in the circulation of CCR2-deficient mice, in-

dicating that CCR2-mediated signals are predominant. Further-

more, no difference was detected between WT and CCR2�/� mice

in the number of bone marrow or blood monocytes expressing

low/intermediate levels of Ly6C (data not shown), and therefore

low or no CCR2. Thus, it can be inferred that CCR2-expressing

monocytes respond to inflammatory cues during MCMV infection

to be mobilized to the peripheral circulation. These results are

consistent with recent observations in models of bacterial infection

(25, 31). Additionally, these aforementioned studies demonstrated

that CCR2 was not required for monocyte entry into bacteria-in-

fected spleen or bladder. Likewise, under conditions of MCMV

infection CCR2 is not absolutely required for monocyte/macro-

phage trafficking into the liver from the blood (M. J. Crane and

FIGURE 6. Characterization of IFN-�/�-responding cells in bone marrow for CCR2 ligand production. Bone marrow leukocytes were prepared from

uninfected C57BL/6 mice and enriched for F4/80 as described in Materials and Methods. Leukocyte-conditioned media were generated from pooled total,

F4/80-enriched (F4/80�), and F4/80-depleted (F4/80�) cellular fractions after 24 h of incubation with or without rIFN-� at the doses indicated. Collected

cell-free supernatants were evaluated in duplicate or triplicate for production of MCP-1 (A), MCP-3 (C), and MCP-5 (B) using ELISA. Data shown represent

the means � SE. Results are representative of two independent experiments. ‡, Below the level of detection.

FIGURE 7. Effects of IFN-�/� signaling on CCR2 ligand production by F4/80� bone marrow cells. Bone marrow leukocytes were prepared from

C57BL/6 (WT) or IFN-�/� receptor-deficient (IFN-�/�R�/�) mice that were uninfected or infected for 40 h with MCMV. Bone marrow leukocytes were

pooled from two to three mice per group and enriched or depleted of F4/80� cells and plated to generate leukocyte conditioned media. Collected cell-free

supernatants were evaluated in duplicate or triplicate for production of (A) MCP-1, (B) MCP-5, and (C) MCP-3 using ELISA. Data shown represent the

means � SE. Results are representative of at least two independent experiments. ‡, Below the level of detection.
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T. P. Salazar-Mather, unpublished observations). Taken together,

these studies suggest that the availability of monocyte/macro-

phages to peripheral tissues is indirectly regulated by CCR2-me-

diated signals in the bone marrow.

It follows that one or more CCR2 ligands must be present within

the bone marrow or expressed systemically to activate CCR2 on

bone marrow monocyte/macrophages. Expression of three chemo-

kines known to bind CCR2 and promote monocyte chemotaxis in

vivo was examined. We demonstrate induced bone marrow and

serum production levels of MCP-1, MCP-3, and MCP-5 after

MCMV infection. MCP-1 and MCP-5 protein rose sharply in the

bone marrow by 40 h following infection and rapidly declined

thereafter. In contrast, MCP-3 was modestly induced with altered

kinetics. In the blood, maximal levels of MCP-1 and MCP-5 pro-

teins were sustained beyond the production kinetics observed in

the bone marrow; MCP-3 remained low throughout the infection

time points that were evaluated.

Previous studies have demonstrated that MCP-1-deficient mice

recruit fewer monocyte/macrophages to the liver during MCMV

infection (28). However, the monocyte/macrophage trafficking de-

fect to the liver is moderate in MCP-1-deficient mice compared

with CCR2-deficient mice. This suggests that other CCR2 ligands

function together with MCP-1 in the regulation of monocyte/mac-

rophage trafficking. Studies by others have shown that MCP-1 and

MCP-3 have a combined role in signaling monocyte release from

the bone marrow in other, nonviral models of infection and in-

flammation (26, 27). Herein, our results suggest that MCP-1 and

MCP-5, because they were produced at high levels in bone marrow

and blood, are dominant in directing monocyte/macrophage mi-

gration during MCMV infection. However, the extent to which the

function of these chemokines overlap or act independently is not

known.

An important finding in this study is the identification of F4/

80-expressing bone marrow leukocytes as major contributors to

MCP-1, MCP-3, and MCP-5 production. This indicates that pro-

duction of these chemokines does occur within the bone marrow

itself during MCMV infection. It is therefore plausible that the

concentration of CCR2 ligands at this site contributes to a chemo-

tactic gradient that promotes monocyte/macrophage trafficking ei-

ther within the bone marrow or across the bone marrow sinusoidal

endothelium into the blood, where concentrations of these chemo-

kines are much higher. In this context, the production of CCR2

ligands would be comparable to the role of CXC chemokines in the

rapid mobilization of neutrophils from the bone marrow in re-

sponse to inflammatory stimuli (40–43). Further investigations

will be required to understand the relative contribution of individ-

ual CCR2 ligands in the bone marrow or blood, and the mecha-

nisms that facilitate their function in inflammatory monocyte/mac-

rophage migration.

Expression of IFN-�/� can affect leukocyte trafficking (44–46).

During MCMV infection, bone marrow-derived macrophages mi-

grate to secondary sites in response to IFN-�/�-mediated effects

(5, 7, 28, 46). We previously demonstrated that IFN-�/�-induced

production of MCP-1 in liver contributed to the accumulation of

macrophages at this site following MCMV infection (5, 28). Here,

the immunoregulatory effects of IFN-�/� are extended to include

induction of MCP-1, MCP-3, and MCP-5 in the bone marrow.

Moreover, we demonstrate that F4/80� cells in the bone marrow

are induced to produce MCP-1, MCP-3, and MCP-5 in response to

IFN-�/� signals and MCMV infection. MCP-3 and MCP-5 pro-

duction required IFN-�/� for induction. However, because mod-

erate levels of MCP-1 were evident in the absence of IFN-�/�

signals, we conclude that other factors induced during infection

may also contribute to production by bone marrow F4/80� cells.

To our knowledge this is the first characterization of CCR2 ligand

producers in the bone marrow during a virus infection. Whether

this response is unique to MCMV or common to infectious agents

that rapidly induce type 1 IFNs remains to be determined and

warrants further studies in other viral models. High circulating

levels of IFN-�/� have been detected within 40 h of MCMV in-

fection (34, 36); however, induction was not evident in bone mar-

row (Ref. 47 and M. J. Crane and T. P. Salazar-Mather, unpub-

lished observations). These results collectively suggest that

circulating levels of IFN-�/� induced in response to MCMV in-

fection stimulate MCP-1, MCP-3, and MCP-5 expression in the

bone marrow compartment. As a result, inflammatory monocyte/

macrophage trafficking is regulated at the level of the bone marrow

through cytokine signals induced during infection.

In summary, our study demonstrates a role for CCR2 in regu-

lating the trafficking of inflammatory monocyte/macrophages from

the bone marrow into the blood in a model of MCMV infection. It

is also established that high levels of the CCR2 ligands MCP-1 and

MCP-5, and moderate levels of MCP-3, are produced in the bone

marrow and blood. Furthermore, we identify F4/80-expressing

bone marrow leukocytes as critical producers of these chemokines

and clearly establish IFN-�/� as a prominent inducer of these re-

sponses. Collectively, the results suggest that CCR2-mediated reg-

ulation of inflammatory monocyte/macrophage trafficking from the

bone marrow into the blood is supported by local induction of

CCR2 ligands in response to virus-induced cytokines.
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