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Abstract

A current paradigm states that monocytes circulate freely and patrol blood vessels but differentiate
irreversibly into dendritic cells (DCs) or macrophages upon tissue entry. Here we show that bona
fide undifferentiated monocytes reside in the spleen and outnumber their equivalents in circulation.
The reservoir monocytes assemble in clusters in the cords of the subcapsular red pulp and are distinct
from macrophages and DCs. In response to ischemic myocardial injury, splenic monocytes increase
their motility, exit the spleen en masse, accumulate in injured tissue, and participate in wound healing.
These observations uncover a role for the spleen as a site for storage and rapid deployment of
monocytes and identify splenic monocytes as a resource that the body exploits to regulate
inflammation.

Protection of injured or infected tissue involves migratory leukocytes (1-3). Among them are
blood monocytes, which consist of at least two functionally distinct subsets (4,5). Ly-6Chigh
(Gr-1*) monocytes are inflammatory and migrate to injured (6,7) or infected (8-10) sites but
also propagate chronic diseases (11-13). Ly-6C!°W (Gr-1") monocytes patrol the resting
vasculature (14), populate normal (15) or inflammatory sites (14), and participate in resolution
of inflammation (7).
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Tissue repair after myocardial infarction (MI) requires coordinated mobilization of both
subsets: first, Ly-6CM9" monocytes digest damaged tissue; second, Ly-6C'°" monocytes
promote wound healing (7). We observed that the ischemic myocardium accumulates
Ly-6CMigh monocytes in numbers that exceed their availability in circulation (Fig. 1A), which
intrigued us. Although the bone marrow produces and contains numerous (pro)monocytes
(16), we sought to identify compartmental reservoirs of extramedullary monocytes, as these
could accommodate the demands of rapid-onset inflammation.

First, we screened candidate tissues for the presence of monocyte-like cells (17). Monocytes
express CD11b and CD115 and are negative or low for CD90, B220, CD49b, NK1.1, and
Ly-6G surface proteins. They are distinct from macrophages and dendritic cells (DCs) on the
basis of the F4/80 glycoprotein, CD11c, and major histocompatibility complex molecule 1-
AP. Of all organs profiled, only the spleen contained cells that met these criteria and that were
present in large quantities. The population included Ly-6C"9" and Ly-6C!°W subtypes in ratios
similar to those in the blood (Fig. 1, B and C, and fig. S1).

The spleen's major known functions are removal of aging erythrocytes and recycling of iron,
elicitation of immunity, and supply of erythrocytes after hemorrhagic shock (18). The presence
of numerous monocytes in the spleen seems paradoxical, because monocytes are distinguished
from lineage descendants on the basis of residency: Monocytes are considered circulating,
whereas macrophages and DCs are tissue-resident and predominantly sessile (5,14,19). We
therefore conducted additional experiments to characterize the monocyte-like cells in the
spleen.

We found that splenic monocytes resembled their blood counterparts morphologically:
Ly-6CMigh monocytes were larger than Ly-6C'°" monocytes, and both subsets had kidney- or
horseshoe-shaped nuclei (Fig. 1D). Ly-6C"9" monocytes in blood and spleen had essentially
indistinguishable transcriptomes (Fig. 1E and tables S1 and S2). Refined mRNA and protein
analysis validated this similarity (Fig. 1F), although, as expected, Ly-6CM9" monocytes
differed from their Ly-6C!°W counterparts (5) (Fig. 1F and table S3). Splenic Ly-6CN9" and
Ly-6C'°% monocytes had phagocytic functions similar to those of their blood counterparts (Fig.
1G) and differentiated comparably into macrophages or DCs in vitro (Fig. 1H). We therefore
concluded that the spleen contains a population of bona fide monocytes that coexists with, but
is different from, macrophages and DCs and that outnumbers blood monocytes.

To determine where monocytes reside in the spleen, we used Cxscr19™+ mice in which nearly
all fluorescent splenocytes are monocytes or their lineage descendents (Fig. 2A and figs. S2
and S3). We detected dense populations of green fluorescent protein—positive (GFP*) cells in
two regions, the marginal zone and the subcapsular red pulp. As expected, cells in the marginal
zone were mostly macrophages and DCs (18): They were large and morphologically irregular;
F4/80Migh or CD11cNi9N, respectively; and localized around the white pulp (Fig. 2B, fig S3, and
movie S1). The fluorescent cells in the subcapsular red pulp were mostly monocytes: They
were devoid of dendrites; had kidney- or horseshoe-shaped nuclei; were CD11b* and
F4/80~/1oW byt CD11c™; and were arranged in clusters of ~20 to 50 cells along the perimeter
of the organ (Fig. 2, Cto E,fig. S3, and movies S2 and S3). They clustered mostly in the reticular
fiber—rich pulp cords, just as iron-recycling CD163* macrophages do (20) (fig. S3). Also,
intravital microscopy and parabiosis experiments revealed that splenic monocytes resided in
the spleen, rather than simply passed through the spleen within blood (fig. S4 and S5).

A hallmark of a reservoir population is its ability to deploy to distant sites. Thus, we tested
whether splenic Ly-6CM9" monocytes are mobilized in response to surgically induced ischemia
of the myocardium. One day after coronary ligation, we observed reduced numbers of
monocytes in the subcapsular red pulp of the spleen (Fig. 3, A to C) that could not be attributed
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to local cell differentiation or death (fig. S6) and, therefore, indicated exit. Entire organ
enumeration after M1 revealed monocyte loss in spleen, gain in blood, but no change in the
bone marrow (Fig. 3D and fig. S6), which suggested mobilization of splenic, but not bone
marrow, monocytes after tissue injury.

We next compared the relative contributions of the spleen and the bone marrow in response to
MI by using mice in which only one of the two tissues can contribute monocytes. First, we
evaluated Ccr2~/~ mice, because the chemokine receptor mediates monocyte mobilization from
the bone marrow (9,21), but not from the spleen (table S4). The number of blood monocytes
comparably increased—and the number of splenic monocytes comparably decreased—after
M1 in both wild-type and Ccr2~~ mice (Fig. 3E). The released monocytes in Ccr2~/~ mice did
not accumulate in the ischemic myocardium, because infiltration depends on the chemokine
CCR2 [table S4 and (7)]. Second, we evaluated animals splenectomized by a procedure that
preserves the bone marrow and blood monocyte pools (fig. S7). After MI, blood monocyte
numbers increased in control, but not splenectomized, animals (Fig. 3F). Analysis of the
ischemic myocardium revealed a massive influx of Ly-6CM9" monocytes in mice containing
the spleen. However, this number was decreased by 75% in splenectomized mice (Fig. 3, G
and H). These findings indicate that the spleen mobilizes monocytes en masse after MI. Similar
observations in rats argue for a generalizable existence of a splenic monocyte reservoir (fig.
S8).

To track unambigously the fate of monocytes from the spleen to the heart, we studied CD45.1
mice that were splenectomized, given CD45.2 spleens by transplantation, and subjected to Ml
(fig. S9). We observed increased numbers of donor monocytes in the blood of animals after
MI, which indicated that the injury triggered the release of splenic monocytes (fig. S10). The
infarct accumulated donor (i.e., spleen-derived) and host monocytes, all of which were
Gr-1* (Ly-6CNig") (Fig. 31). The transplantation procedure itself reduced the number of
reservoir donor monocytes by a factor of 6.1, likely because of ischemia-related cell
differentiation. Correcting for this, we calculated that the spleen contributed 41% of monocytes
to the ischemic myocardium. Control experiments (transplanted pancreas or transplanted
spleen but no MI) showed no accumulation of donor monocytes in the recipient heart (Fig. 3J).
Noninvasive fluorescence molecular tomography—magnetic resonance imaging (FMT-MRI)
three-dimensional fusion imaging (22) with phagocytosis and cathepsin-activatable sensors
(23) revealed attenuated activities in infarcts of splenectomized mice (Fig. 3K), which indicates
that splenic monocytes are biologically active when recruited to inflamed tissue. Thus, the
spleen stores Ly-6CMi9" monocytes readily recruitable to augment inflammation at distant sites.
The spleen does not likely produce monocytes, because donor spleens contained only host-
derived cells as early as 3 weeks after transplantation (fig. S11).

The spleen did not contribute neutrophils significantly, which suggested selective mobilization
of monocytes (fig. S12). Of these, both subsets (Ly-6CM9" and Ly-6C!oW) exited the spleen in
response to MI, yet after 1 day, the ischemic myocardium recruited Ly-6C"9" monocytes
selectively (fig. S13). The excluded Ly-6C'°% monocytes may have dispersed to other tissues,
patrolled the vasculature, or accumulated in the infarct at a later time (7).

Monocytes express a wide variety of receptors (24), some of which may trigger splenic release.
We focused on angiotensin 11 (Ang II), because (i) it induces cytoskeletal rearrangement and
migration of monocytes in vitro (25), (ii) it augments monocyte-mediated inflammation (26),
and (iii) its serum levels increase after MI (27). Ang Il exerts its effects by binding to the
angiotensin type 1 (AT-1) and AT-2 receptors.

Atgrla™~ animals subjected to MI did not expel splenic monocytes efficiently (Fig. 4A) and
accumulated only a few monocytes in the ischemic myocardium (fig. S14),which indicated

Science. Author manuscript; available in PMC 2010 January 7.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Swirski et al.

Page 4

that Ang I1-AT-1 signaling contributes to expulsion in this model. Sustained exogenous
administration of Ang Il in wild-type mice reproduced monocyte egress; mice with Ang 11
concentrations comparable to those after M1 (Fig. 4B) released splenic monocytes (Fig. 4C
and fig. S15). Moreover, Ang Il infusion or Ml elicited AT-1 receptor dimerization in splenic
monocytes in vivo (Fig. 4D), an event that stimulates a wide spectrum of intracellular responses
(26). We also found that Ang Il induced directional migration of splenic monocytes in vitro
(Fig. 4E). These data support a direct link between Ang |1, the AT-1 receptor, and splenic
monocytes and prompted us to explore the effects of Ang 11 on cell behavior in vivo.

We developed a real-time intravital microscopy technique that allows observation of
endogenous monocytes and vessels in the subcapsular red pulp of the spleen in live animals,
at depths up to 100 um below the fibrous capsule, while preserving organ temperature and
blood flow. Spleens of Cxscr19™/* mice contained three distinct GFP* populations, based on
their location and size (Fig. 4F, fig. S16, and movies S4 to 6). Real-time tracking of GFP* cells
in cluster-rich regions of the subcapsular red pulp revealed behavioral changes shortly after
Ml or after administration of Ang Il (Fig. 4G). Splenic monocytes increased their displacement
over time by more than threefold within 2 hours after either intervention (Fig. 4, G to I, movies
S7to 9and fig. S17), which indicated that Ang Il induced their migration in vivo. Conversely,
splenic macrophages or DCs showed very low displacement that did not increase in response
to intervention, whereas patrolling monocytes showed typically high displacement (Fig. 4l),
asreported in dermal and mesenteric vessels (14). The motile splenic monocytes that responded
to Ang Il were more likely to encounter neighboring venous sinuses or collecting veins and to
enter the blood stream to exit the spleen. Figure 4J and movie S10 show one example of a
prototypical departing monocyte. The increased motility of splenic monocytes and subsequent
egress led to a considerable loss of fluorescent cells in tissue (fig. S15).

Splenic contraction after hemorrhagic shock is associated with erythrocyte expulsion (28). Our
intravital microscopy data show, however, that the subcapsular red pulp did not measurably
contract when monocytes were already activated 1.5 hours after treatment with Ang I1 (fig.
S18).A contraction-induced mechanism would also affect other leukocytes, but our neutrophil
data indicate otherwise.

Our findings illuminate the body's ability to mobilize a reservoir of undifferentiated splenic
monocytes in response to injury. Triggering of this reservoir likely provides a stochastic
advantage for rapid monocyte accumulation, but such triggering is not necessarily desirable.
Future studies should investigate the contribution of the splenic monocyte population in
response to other inflammatory events and whether additional factors control monocyte
migration, organization, and differentiation in the splenic environment. Understanding how an
organism controls the quality and quantity of its immune players is essential to understanding
homeostasis, and its perturbation and restoration following infection and tissue injury.
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Figure 1.

The resting spleen contains a large reservoir of bona fide monocytes. (A) Total number of
Ly-6CNigh and Ly-6C!°% monocytes in the infarcted myocardium and (2 ml) peripheral blood
(means + SEM, n = 9 to 15). Monocytes were identified as CD11bM9", LinloW and (F4/80, I-
AP, CD11c)!oW. Lin refers to the combination of CD90, B220, CD49b, NK1.1, and Ly-6G
monoclonal antibodies. (B) Total monocyte number retrieved from different tissues (means +
SEM, n = 310 5). (C) Flow cytometric analysis of blood and splenic Ly-6Chig" and
Ly-6C'°" monocytes, as well as CD11b* macrophages and DCs (Mg/DCs) (n = 5). (D)
Cytospin preparations of Ly-6Chi9h and Ly-6C!'°" monocytes from blood and spleen. Insets
indicate forward (FSC) and side (SSC) scatters identified by flow cytometry (means + SEM,
n=3). (E) Microarray analysis of Ly-6C"39" monocytes from blood and spleen. Data depict the
average log,— based intensity of the same probe across four replicates. Also refer to tables S1
and S2. (F) Expression of 45 genes (by quantitative reverse transcription polymerase chain
reaction) and 11 proteins (by flow cytometry) for Ly-6Chig" and Ly-6C!°% monocytes in blood
and spleen (n = 4). Also refer to table S3. (G) Ex vivo phagocytosis of beads by Ly-6CNi9" and
Ly-6C'°" monocytes and T cells (control) from blood and spleen [mean fluorescent intensity
(MFI1) + SEM, n=3]. (H) In vitro differentiation of blood and splenic Ly-6CN9" and
Ly-6C'°" monocytes to macrophages (F4/80M9M) and DCs (CD11cM9) in response to
macrophage colony-stimulating factor (M-CSF) and granulocyte-macrophage CSF (GM-CSF)
+ interleukin-4 (IL-4), respectively (MFI £ SEM, n = 3 to 9). Data pool at least three
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independent experiments [(A) and (H)], or are from one experiment representative of at least
three independent experiments [(C) and (D)].
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Figure 2.

Splenic monocytes cluster in the subcapsular red pulp. (A) Histograms depict flow cytometric
analysis of GFP fluorescence of splenic leukocytes in Cxscr19%/* mice (n = 3). The pie chart
shows the relative proportions of various GFP* populations. Also refer to figs. S2 and S3. (B
and C) Multiphoton microscopy micrographs of Cxscr19+ mice show GFP* Ma/DCs (green)
in the marginal zones (B) and GFP* monocytes (green) in the subcapsular red pulp (C).
Collagen fibers appear in blue. (D) A single optical section shows GFP* monocytes (green) in
the subcapsular red pulp. The dense collagen network (blue) of the splenic capsule indicates
the boundary of the organ. (E) An intravital micrograph of the spleen subcapsular red pulp
shows GFP* monocytes (green) organized in clusters and topographically distinct from blood
vessels (red). All data are from one experiment representative of at least two independent
experiments.
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Figure 3.

Splenic reservoir monocytes emigrate from the subcapsular red pulp and populate
inflammatory sites. (A) Splenic sections from mice without Ml and 1 day after Ml stained with
hematoxylin and eosin. (B) Splenic sections stained with CD11b-specific antibodies (red) and
4’ 6'-diamidino-2-phenylindole (DAPI) (blue) depict the subcapsular red pulp and the marginal
zone from mice without MI and 1 day after MI. (C) Enumeration of CD11b™ cells in the
subcapsular red pulp and marginal zone (means + SEM, n = 10 high-power fields). (D) Total
number of monocytes in the spleen, blood, or bone marrow (tibia) in control mice (no Ml) or
1 day after MI (means £ SEM, n = 6 to 15). (E) Total number of monocytes in the spleen or
blood in wild-type (WT) and Ccr2~/~ mice in response to MI (n = 3 to 6). (F) Total number of
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blood monocytes in splenectomized animals (—Spleen) and sham-operated controls (+Spleen)
without M1 or 1 day after MI (n = 3 to 6). (G and H) Accumulation of cells in heart in the same
groups of mice as measured by flow cytometry [(G), n = 3] or by counts per mg tissue [(H),
means £ SEM, n = 9]. (I) Accumulation of monocyte subsets originating exclusively from
spleen as measured by flow cytometry. Dot plots (CD45.1 versus CD45.2) of gated monocytes
and histograms (Gr-1) of each positive population. (J) CD45.1 versus CD45.2 profile of gated
monocytes in a mouse receiving a control transplant (pancreas) and in a mouse not subjected
to MI. Also refer to fig. S7. (K) FMT-MRI of in vivo phagocytic and proteolytic activities in
infarcts. Fluorochrome concentration is shown in the infarcted area, on the basis of MRI-
derived anatomy (n = 6). FI, fluorescence intensity. *P < 0.05; **P < 0.005. Data pool at least
three independent experiments (D to F, and H), or are from one experiment representative of
two [(I) and (J)] or at least three independent experiments [(A) to (C), and (G)]
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Ang I1-AT-1 receptor signaling promotes splenic monocyte motility and tissue emigration.
(A) Percentage of monocytes lost from the spleen 1 day after MI or Ang I1 infusion in WT and
Atgrla~ mice (means + SEM, n=4t0 9). (B) Serum Ang |1 concentrations in the steady-state
(control), and 1 day after M1 or infusion of Ang Il (n =6 to 9). (C) Total number of splenic
monocytes (Ly-6CNi9" and Ly-6C!°W) in the groups of mice mentioned above. (D) Western
blot analysis of monomeric and dimeric forms of the AT-1 receptor on control splenic
monocytes in the steady state (control), and 1 day after Ml or infusion of Ang Il, n=3. (E) In
vitro migration of splenic monocytes in response to Ang Il (1 uM) (means + SEM, n = 6).
(F) Intravital microscopy of GFP* cells (green) in the spleen subcapsular red pulp of an Ang
lI—treated Cxscr19%/* mouse. Images show a splenic monocyte, an Mg or DC, and a patrolling
monocyte. Blood is shown in red. Tracks indicate the position of cell centroids at 15-s intervals
(time in min:s). (G) (Top) Intravital micrographs of GFP* cells in control mice and 1 day after
Ml or infusion of Ang Il at the initial recording time point. (Bottom) Tracks for all GFP* cells
in the field of view and over 1 hour. Some cells entered or exited our imaging area during the
recording and thus were followed for a shorter duration. V, vessel; P, parenchyma. (H) Average
displacement over time of all GFP* splenic monocytes [means + SEM, n = 143 (control), 163
(MI), and 125 (Ang 1) cells]. (1) Displacement over time of single splenic monocytes (left),
splenic macrophages of DCs (middle), and patrolling monocytes (right). (J) Recording of a
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departing splenic monocyte. Tracks indicate the position of the cell centroid. *P < 0.05, **P
<0.01, ***P < 0.001. Data pool two [(A) to (C), and (E)] or at least three independent
experiments [(H) and (1)], or are from one experiment representative of at least three
independent experiments [(D), (F), and (G)].
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