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Control of macrophage lineage populations by
CSF-1 receptor and GM-CSF in homeostasis

and inflammation

Jason C Lenzo'2, Amanda L Turner!, Andrew D Cook!, Ross Vlahos?, Gary P Anderson3, Eric C Reynolds2

and John A Hamilton!

There is recent interest in the role of monocyte/macrophage subpopulations in pathology. How the hemopoietic growth
factors, macrophage-colony stimulating factor (M-CSF or CSF-1) and granulocyte macrophage (GM)-CSF, regulate their

in vivo development and function is unclear. A comparison is made here on the effect of CSF-1 receptor (CSF-1R) and
GM-CSF blockade/depletion on such subpopulations, both in the steady state and during inflammation. In the steady

state, administration of neutralizing anti-CSF-1R monoclonal antibody (mAb) rapidly (within 3—-4 days) lowered,

specifically, the number of the more mature Ly6C' peripheral blood murine monocyte population and resident peritoneal
macrophages; it also reduced the accumulation of murine exudate (Ly6C'°) macrophages in two peritonitis models

and alveolar macrophages in lung inflammation, consistent with a non-redundant role for CSF-1 (or interleukin-34)

in certain inflammatory reactions. A neutralizing mAb to GM-CSF also reduced inflammatory macrophage numbers during
antigen-induced peritonitis and lung inflammation. In GM-CSF gene-deficient mice, a detailed kinetic analysis of monocyte/
macrophage and neutrophil dynamics in antigen-induced peritonitis suggested that GM-CSF was acting, in part, systemically
to maintain the inflammatory reaction. A model is proposed in which CSF-1R signaling controls the development of the
macrophage lineage at a relatively late stage under steady state conditions and during certain inflammatory reactions,
whereas in inflammation, GM-CSF can be required to maintain the response by contributing to the prolonged extravasation
of immature monocytes and neutrophils. A correlation has been observed between macrophage numbers and the severity

of certain inflammatory conditions, and it could be that CSF-1 and GM-CSF contribute to the control of these numbers

in the ways proposed.
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Macrophage numbers in tissues can correlate with disease severity,
for example, in rheumatoid arthritis and tumor lesions.”? Tissue
macrophages in the adult can derive, particularly during inflamma-
tion, from blood monocytes, which in turn derive from precursors
in the bone marrow, by the processes of proliferation and differ-
entiation. One cytokine which appears to govern macrophage lineage
development during normal homeostasis is macrophage-colony stimu-
lating factor (M-CSF or CSF-1), which was originally defined by its
ability to give rise in vitro to macrophage colonies when added to
precursor bone marrow cells.>* Subsequently, a mouse (Csf1°°/Csf1°P),
which had a deficiency in the numbers of certain tissue macro-
phage populations including the peritoneum, was discovered to
have an inactivating mutation in the Csfl gene;>° targeted disruption
of the CSF-1 receptor (CSF-1R; c-Fms; CD115) gene resulted in a

mouse (Csflr—/Csflr—) with a slightly more severe phenotype.”
The precise point in the macrophage development pathway at
which CSF-1 is critical is debated, and the information from the
Csf1%/Csf1°P and Csflr—/Csflr~ mice is conflicting.>"'?> Another
recently discovered ligand for the CSF-1R, interleukin (IL)-34,13
also needs now to be considered. A different CSF, namely granulo-
cyte macrophage-CSF (GM-CSF), was found in the same type
of semi-solid assay, with bone marrow cells to generate both granu-
locyte and macrophage colonies; however, unlike CSF-1, GM-CSF
deficiency does not seem to compromise steady state myelopoiesis
to a significant extent with the major phenotype being a lung
condition, namely pulmonary alveolar proteinosis, due to a defect
in alveolar macrophage maturation.'* Other studies have impli-
cated both of these CSFs in inflammation, as their depletion can
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suppress a number of inflammatory/autoimmune conditions.!?

However, based on differences in, for example, their expression,
receptor expression, structure and in vitro action, it is likely that
they will have different modes of action and functions in such
conditions, as well as in the steady state.!> In regard to macro-
phage lineage control by the CSFs, what is needed is informa-
tion using concomitant neutralization/depletion of both of these
CSFs in suitable model systems, both under steady state condi-
tions and in pathology, so that comparisons can be made of their
respective actions.

It would appear from recent studies that there is a great deal of
macrophage lineage heterogeneity as assessed by macrophage activa-
tion states or phenotypes, as well as by the monocyte subpopulations,
which can give rise to tissue macrophages.!®? With respect to
activation or polarization states, macrophages have begun to be
divided, on the one hand, into M1 or ‘classically activated’ macro-
phages, and into M2 or ‘alternatively activated” macrophages, on the
other.!®1® As a generalization, M1 macrophages have been considered
to be ‘proinflammatory, whereas M2 populations have been consid-
ered to be less so and to be more involved in trophic or tissue repair
processes. In vitro, GM-CSF- and CSF-1-treated monocytes/macro-
phages have been considered to some extent to be like M1 and M2
populations, respectively.?!2*> With respect to blood monocyte sub-
populations in the human and the mouse, two major monocyte
subpopulations have been defined based on differences in surface
marker expression and proposed relative significance for inflamma-
tory reactions. Using surface marker delineation, one murine mono-
cyte (‘classical’)?’ subpopulation is Ly6C(Gr-1)M CX3CR1le CCR2M
CD62LM, which is considered to be relatively less mature and to have
a greater propensity to enter rapidly into sites of injury or infec-
tion;!®17 in contrast, another more mature subpopulation (‘non-
classical)?® is Ly6C(Gr-1)!° CX3CRIM CCR2'® CD62L!° and was
considered originally to generate tissue macrophages in the steady
state; however, it is possible that this subpopulation arrives more
slowly in lesions and contributes to the gradual appearance of Ly6Cl
macrophages with possible scavenger and tissue repair functions.?*~2
There is some recent, albeit limited, literature on the in vivo involve-
ment of endogenous GM-CSF and CSF-1 in the control of these
populations,”?®?° but no information from comparative studies.
The precise links between these monocyte subpopulations and the
above-mentioned macrophage activation or polarization states are
still being delineated.

In order to compare the effects of the neutralization/depletion
of the activities of the two CSFs on macrophage lineage dynamics
in inflammation, a convenient and short-term model is needed,
where extravasating macrophage populations can be easily isolated;
also some evidence for CSF dependence is essential. We have previ-
ously established a methylated bovine serum albumin (mBSA)-driven
peritonitis model, whose severity was lessened in GM-CSF—/—
mice.® In this paper, we monitored macrophage lineage popu-
lation numbers in the peritoneum, blood and bone marrow, in
the steady state and during this antigen-induced peritoneal inflam-
mation, under conditions of CSF-1R neutralization and GM-CSF
neutralization, as well as in a GM-CSF—/— mouse. We report
that CSF-1R controls monocytopoiesis during both homeostasis
and inflammation, perhaps surprisingly, at a relatively late stage
at the level of monocyte/macrophage generation, whereas during
antigen-induced peritoneal inflammation and perhaps in other
inflammatory conditions, it is suggested that GM-CSF is required
to sustain the infiltration of monocytes (and neutrophils) into the
inflamed site.
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RESULTS

Effect of neutralizing anti-CSF-1R and anti-GM-CSF antibodies on
monocyte numbers in the steady state

We examined initially the effect in the steady state of neutralizing
monoclonal antibody (mAbs) to c-Fms (CSF-1R; CD115) and to GM-
CSF on monocyte population numbers in peripheral blood and also in
bone marrow of C57BL/6 mice. Peripheral blood monocytes were
identified (Figure 1a), as previously described.!” Intraperitoneal (i.p.)
administration of anti-CSF-1IR mAb (AFS98), but not of anti-GM-
CSF mAb (22E9), daily for 4 days, resulted in a slight but significant
decrease in total blood monocyte numbers (Figure 1b). The effect of
the two mAbs on monocyte subpopulations was also assessed by using
the monocyte maturation marker, Ly6C, as the readout; murine
monocytes are believed to downregulate this surface marker as they
mature, exiting the bone marrow as Ly6CM cells and maturing to a
Ly6Cl population in the blood.!” The anti-CSF-1R mAb-treated mice,
but not the anti-GM-CSF mAb-treated cohort, had significantly lower
levels only of the less abundant and putatively more mature Ly6C'®
subpopulation (Figure 1c), suggesting, by this approach at least, that
CSF-1 but not GM-CSF could be having a role in controlling their
numbers in the steady state; for the anti-CSF-1R treatment, no
compensatory increase in the number of Ly6CPM monocytes was
noted. This decrease in the less abundant Ly6C! subpopulation
would seem to account for the small reduction in total monocytes
following anti-CSF-1R administration (Figure 1b).

There was no change in the bone marrow monocyte numbers
(Figure 1d) and percentage (data not shown), following either CSF-1R
or GM-CSF neutralization, suggesting that neither CSF controls
monocytopoiesis at this relatively early stage, at least when assessed
by this approach; these observations in the bone marrow are also
consistent with the lack of effect of each Ab on the number of Ly6Ch
blood monocytes noted above (Figure 1c), which, as mentioned, are
believed to arise from the corresponding bone marrow population.!”
It would not appear that the lack of reduction in Ly6CM bone marrow
monocytes following AFS98 administration is due to lack of access of
the mADb to the site, as their detectable surface CSF-1R was reduced
(Figure le), presumably due to steric hindrance, as was also reported
some time ago following AFS98 injection.>? There was also no effect of
either mADb on numbers of blood neutrophils (Figure 1f) or lympho-
cytes (data not shown).

Rapid depletion of Ly6C'® monocytes and peritoneal macrophages
by neutralizing anti-CSF-1R antibody

The data presented in Figure 1c were obtained after i.p. injections of
300 pg AFS98, given once daily for 4 days, with monocyte subpopula-
tion numbers being quantified 1 day after the final mAb administra-
tion; in other words, Ly6C'® monocyte numbers were reduced within 4
days from the first injection. In separate experiments, we found that
Ly6Clo monocyte depletion was optimal at doses of 100-300 pig per
mouse with this protocol (data not shown). We monitored how soon
the drop in the number of Ly6C'® monocytes was occurring with
AFS98, following a single 300 ig injection. As can be seen in Figure 2a,
we could observe a significant reduction in Ly6C'® monocytes with
this particular protocol, also within 4 days. Intravenous administra-
tion gave similar kinetics (data not shown). Thus, in our studies, anti-
CSF-1R mAb can reduce Ly6C'® monocyte numbers within 4 days,
unlike the relatively slow depletion reported recently (>1 week) with
another anti-CSF-1R mAb.? As an indication of how fast anti-CSF-1R
was acting, circulating CSF-1 levels were elevated even within 1 day
(Figure 2b), possibly due to the rapid reduction in CSF-1R-mediated
CSF-1 internalization by macrophage lineage cells.?**
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Figure 1 Anti-CSF-1R antibody but not anti-GM-CSF antibody lowers the Ly6C'® blood monocyte numbers in the steady state. (a) Peripheral blood leukocytes
from C57BL/6 mice were labeled with anti-CD11b and analyzed on a flow cytometer. Monocytes were identified sequentially as SSC' CD11b" cells.1”
(b) C57BL/6 mice were given four daily doses (300pug) i.p. of the mAbs, AFS98 (anti-CSF-1R), 22E9 (anti-GM-CSF) or an isotype control (anti-
B-galactosidase). Blood was harvested 24 h after the final Ab administration and monocyte numbers per ml monitored. (c) Subpopulations in the monocytes
from (b) were stained for Ly6C expression, Ly6Ch: filled columns, Ly6C': open columns, (d) Numbers of bone marrow monocytes (CD11b" Ly6Chi
CD115+%)29:27.3577 were measured in mice treated as in (b). (e) The geometric mean of CSF-1R expression was measured on bone marrow monocytes in
mice treated as in (b). (f) Blood neutrophils (Ly6G*)*® were measured in mice treated as in (b). Data are expressed as monocytes per ml, bone marrow
monocytes/femur or neutrophils per ml (mean +s.e.m.); n=10 mice. (b, ¢ and e) *P<0.05, AFS98 versus isotype control.

We see in Figure 2¢ that reduced numbers of the resident peritoneal
(Ly6Cl°; see below) macrophage population could be observed rapidly
within 3 days of AFS98 administration; dramatically elevated perito-
neal fluid CSF-1 levels were noted within 1 day (Figure 2d), again
possibly due to reduced ligand uptake (by peritoneal macrophages).

One possible explanation for the surprising selectivity of anti-CSF-
1R mAb towards the Ly6Cl® monocyte subpopulation could be relative

CSF-1R expression. It has recently been reported using Macgreen
mice, in which an EGFP reporter gene is driven by the csflr promoter,
that the Gr-1- (that is, Ly6C!®) monocyte subpopulation had three- to
fourfold higher expression of the csfIr—EGFP transgene.?’ However, in
addition to comparable levels of surface CSF-1R expression in these
mice (Figure 2e), we found similar levels of csfIr—EGFP expression in
the same mice for the two monocyte subpopulations (Figure 2f); also,
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Figure 2 Rapid depletion of Ly6C'° blood monocytes and peritoneal macrophages by neutralizing CSF-1R mAb in the steady state. (a-d) C57BL/6 mice were
treated with a single 300 pg i.p. injection of neutralizing CSF-1R mAb and (a) blood monocyte subpopulations, Ly6C": filled columns, Ly6C'°: open columns,
(b) blood CSF-1 levels, (c) peritoneal macrophages and (d) peritoneal fluid CSF-1 levels measured daily for 4 days. On CsfIrEGFP Ly6CM and Ly6C'®
monocyte subpopulations (e) surface expression of CSF-1R (CD115), (f) GFP expression and (g) surface expression of F4/80. Data are expressed as
mean £ s.e.m. n=10 mice, (a and ¢); n=8 mice, (b and d) *P<0.05, time point post injection versus day 0.

for these Macgreen mice, we found similar relative expression of the
F4/80 surface antigen (Figure 2g) again in disagreement with the data
in MacDonald et al.,?° which reported also a three- to fourfold higher
expression in the Gr-1~ (Ly6C!°) monocytes.

Effect of neutralizing anti-CSF-1R and anti-GM-CSF antibodies
on monocyte/macrophage populations during an inflammatory
response

We showed above that a single injection of AFS98 lowered resident
C57BL/6 peritoneal macrophage numbers within 3 days (Figure 2c).
The resident peritoneal macrophage numbers were also monitored
following i.p. or subcutaneous injections of the two individual mAbs
over a 4-day period (same injection protocol as in Figure 1); by both
routes, as for the Ly6Cl° monocytes, CSF-1R neutralization, but not
that of GM-CSE, reduced the peritoneal macrophage number in the
steady state (data not shown). We next assessed the effect of the two
mAbs on monocyte/macrophage populations during peritoneal and
lung inflammatory reactions.

Thioglycolate-induced peritonitis.  For the widely studied thioglycolate-
elicited peritonitis involving i.p. injection of the non-specific irritant,
thioglycolate broth, macrophages were harvested 24 h after the last
antibody treatment, that is, at 96 h post challenge, as this is the period
when peritoneal macrophage numbers peaked.?! We show in Figure 3a
that anti-CSF-1R mAb, but not anti-GM-CSF mAb, suppressed the
increase in exudate macrophage numbers in this model, an observation

Immunology and Cell Biology

distinct from what was reported recently with another neutralizing
anti-CSF-1R mAb.2? Consistent with the lack of effect of 22E9, we
showed previously that GM-CSF—/— mice did not have reduced
elicited macrophage numbers (day 4) in this model.>

Antigen-induced peritonitis. In contrast to thioglycolate-elicited
peritonitis,30 in an mBSA peritonitis model that we established,’!
involving i.p. challenge to a mouse primed with this antigen, there
were fewer exudate macrophages in the GM-CSF—/— mice and
they were deficient in a number of properties.®® As we wanted to
compare the effects of blockade/depletion of CSF-1R and GM-CSF
on monocyte/macrophage (and neutrophil) populations during an
inflammatory reaction, we used this latter model for such comparison.

C57BL/6 mice were primed and boosted with mBSA and adjuvant
intradermally, then challenged with mBSA i.p.;3 1 AFS98, 22E9 or the
isotype control mAb was administered i.p. or subcutaneously before
and after the mBSA challenge (at days —2, —1, 0, 1, 2, 3). Total
peritoneal macrophage numbers (identified as in Figure 3a) were
significantly reduced in both the anti-CSF-1R mAb- and the anti-GM-
CSF mAb-treated groups following i.p. injection (Figure 3b), with only
the former mADb having an effect subcutaneously (data not shown).
For this reason, the ip. route of administration was chosen for
subsequent studies.

One possible explanation for the reduced peritoneal exudate
macrophages following mAb injection could be that monocytes are
not able to traffick and hence may accumulate in the blood. For blood
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Figure 3 Effect of neutralizing anti-CSF-1R and anti-GM-CSF antibodies on monocyte/macrophage numbers in inflammation. (a—e) C57BL/6 mice were
injected with either (a) thioglycolate medium i.p. or (b—e) primed with mBSA then challenged i.p. to induce peritoneal inflammation (Methods). 22E9,
AFS98 or isotype control mAb was given i.p. before and after thioglycolate-medium injection or mBSA challenge (at days —2, —1, O, 1, 2, 3). Peritoneal
exudate cells, blood and bone marrow were harvested on day 4 post challenge. (a) Peritoneal macrophage numbers at day 4 from thioglycolate medium-
treated mice (identified by FSC/SSC gating and as CD11b" Ly6G~ cells).3° (b) Peritoneal macrophage numbers at day 4 from mBSA-challenged mice.
(c) Total blood monocyte numbers from mBSA-challenged mice (measured as in Figure 1). (d) Monocyte subpopulation numbers from mBSA-challenged
mice (measured as in Figure 1). (e) Bone marrow monocyte number from mBSA-challenged mice (measured as in Figure 1). Data are expressed as total
macrophage number, monocytes per ml or bone marrow monocytes/femur (mean t£s.e.m.); n=10 mice. *P<0.05, mAb treatment versus isotype control.
(f) BALB/c mice were pretreated with isotype control, AFS98 or 22E9 (100 ug per mouse) 3 h before LPS challenge (10 ug per mouse) intranasally. Control
mice received PBS intranasally, instead of LPS, as well as isotype control. Bronchoalveolar lavage fluid macrophages and neutrophils were harvested by
lavage 3 days after LPS administration or PBS. Data are expressed as total cell number (mean £s.e.m.); n=6-8 mice. *P<0.05, LPS/mAb versus LPS/isotype;
#P<0.05, LPS/isotype versus PBS/isotype.

monocytes at the 4-day time point examined, their total numbers and
those of the subpopulations in C57BL/6 mice treated with isotype
control mADb were similar to the steady state values (Figures 3¢ and d
versus 1b and ¢). Following AFS98 and 22E9 administration, there was

Thus in our hands, CSF-1R blockade had both tissue and systemic
manifestations on macrophage lineage numbers during an acute
inflammatory response, suggesting a link between the two, whereas
GM-CSF neutralization had its effects only locally (but see below and

no accumulation of monocyte populations to account for the reduced
peritoneal exudate macrophage numbers, but rather similar data to
what was noted in the steady state (Figure 1¢) with the anti-CSF-1R
mAb, but not the anti-GM-CSF mAb, reducing the Ly6C'® monocytes
(Figure 3d). The number of Ly6C™ CD11b* bone marrow monocytes
also did not increase at this time point in the isotype control group
(Figures 3e versus 1d) and it was not altered in either of the
neutralizing mAb-treated groups (Figure 3e).

Lung inflammation. In an LPS-induced lung inflammation model, it
can be seen that blockade with AFS98 and with 22E93>3 reduces the
LPS-induced increase in alveolar macrophage numbers (Figure 3f).
Increased neutrophil numbers, in contrast, were suppressed only by
22E9 administration. In this model, a different anti-CSF-1R mAb was
reported as failing to reduce macrophage numbers.>

Discussion).

Monocyte/macrophage populations in blood and tissue of GM-
CSF—/— mice during the course of an inflammatory reaction

In addition to GM-CSF neutralization by mADb, we assessed the effect
of the complete absence of GM-CSF by using the GM-CSF—/— mouse
(backcrossed onto the C57BL/6 background'®%), partly for conve-
nience, because we wanted to use these mice to study the role of GM-
CSF over the time course of a peritoneal inflammatory reaction. In the
steady state, no significant difference in the total number of blood
monocytes could be seen between wild-type (C57BL/6) and GM-
CSF—/— mice (Figure 4a), in agreement with the literature.!>4
However, on closer examination, unlike anti-GM-CSF mAb treatment
(Figure 1c), a slight decrease in the number of the minor Ly6Cl
monocyte subpopulation could in fact be measured (Figure 4b;
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Figure 4 Myeloid cell numbers in GM-CSF—/— mice in the steady state. Myeloid cell populations from wild-type (C57BI/6) and GM-CSF—/— mice were
examined by flow cytometry as in Figure 1. (@) Number of blood monocytes. (b) Ly6CM and Ly6C' monocyte subpopulation numbers. (c) Bone marrow
monocyte number. (d) Number of blood neutrophils. Data are expressed as monocytes per ml, bone marrow monocytes/femur or neutrophils per ml

(mean £ s.e.m.); n=10 mice. *P<0.05, GM-CSF—/— versus wild type.

see Discussion). There was no decrease in the number of bone marrow
monocytes (Figure 4c) or blood neutrophils (Figure 4d).

Data above assessed the CSF contribution to monocyte/macrophage
development separately in blood, in bone marrow and in tissue. It
would be useful to be able to link any CSF-dependent changes noted at
these respective sites during the course of an inflammatory reaction.
As such detailed kinetic analysis would require a significant supply of
mADbs, for convenience we focused on assessing the time course of the
GM-CSF dependence of mBSA-induced peritonitis using GM-CSF—/—
mice; Csflr~/Csflr~ and Csf1%"°P were again not used because of the
compromised bone architecture.>”

Peritoneal macrophages and neutrophils. For wild-type and GM-
CSF—/— mice, reduced numbers of macrophages were initially seen
in the exudate (up to around 12h; Figure 5a); this is a well-
documented occurrence during an inflammatory reaction in the
peritoneum and is referred to as the ‘macrophage disappearance
reaction’>® An increase in recoverable macrophages was again
observed for both strains from about 12-18h post challenge
(Figure 5a). We showed before?! for wild-type mice that total macro-
phage numbers peaked around day 4, but were still elevated at least
until day 7. A similar peak can be seen in Figure 5a, whereas in GM-
CSF—/— mice, the numbers again remained low throughout,’!
indicating the need for GM-CSF in prolonging the macrophage
component in this inflammation model.>® These data are consistent
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with the 22E9-dependent suppression of peritoneal macrophage
number in this model (Figure 3b).

Given the differences for the macrophage changes between the two
mouse strains, we decided also to compare changes in neutrophil
numbers. When peritoneal neutrophil numbers were followed in the
same way, for the wild-type mice, as expected,’! there was an earlier
influx than for the macrophages, with a peak around 18-24h
(Figure 5b); in the GM-CSF—/— case, an early influx preceded an
earlier decline at around 18 h, that is, the later phase of the influx was
again not prolonged beyond this time point.

Peritoneal macrophage subpopulations. Peritoneal macrophage sub-
populations were next examined, again using Ly6C expression. As
before,?® in wild-type mice, the resident macrophages were Ly6C® and
were replaced by exudate macrophages, which initially were Ly6C™,
but then were Ly6Cl°, as the mBSA-induced peritoneal inflammation
proceeded (Figure 6a). It can be seen that this transition from Ly6Ch
to Ly6C'® expression was gradual rather than being abrupt, indicating
perhaps local conversion rather than separate trafficking kinetics being
responsible (see Discussion). During the course of the reaction,
neutrophils were also found in the same FSC/SSC region; however,
these were removed for the macrophage analysis by gating out Ly6G*
cells, a widely used neutrophil marker.*

The comparative data for the kinetics of appearance of Ly6CM
and Ly6Cl° macrophages in wild-type versus GM-CSF—/— mice are
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***P<0.001, wild type versus GM-CSF—/—.

provided in Figures 6b and c, respectively. For the wild-type macro-
phage response, the presence of Ly6CM macrophages had a similar, but
delayed kinetic profile to the neutrophils (Figures 6b versus 5b), with a
peak around 48-72h preceding a decline by 96h; in GM-CSF—/—
mice, as for the neutrophils (Figure 5b), the Ly6CM macrophage
numbers declined earlier (Figure 6b). For the wild-type mice, the
later macrophage response (around 72-96h; Figure 5a) is in fact
characterized by the appearance of Ly6Cl® macrophages (Figure 6c),
as found before in the thioglycolate-elicited model,>® which did not
occur in the gene-deficient mice (Figure 6c).

Blood monocyte subpopulations and neutrophils. Blood monocyte
subpopulation numbers in the two mouse strains were also monitored
over the same time course; the major Ly6CM population fluctuated
differently for the two strains (Figure 6d), whereas no obvious
differences were detected in the less abundant Ly6C'® population,
which hardly altered if at all (Figure 6e). For the wild-type mice,
around the time when (Ly6CM) macrophage numbers started to
increase in the peritoneum (around 18h; Figures 5a and 6b), there
was also a peak in Ly6CM monocyte numbers (Figure 6d). It is
tempting to suggest that the subsequent dip in Ly6CM monocyte
numbers (Figure 6d) at about the time that the peritoneal macrophage
numbers started to climb more dramatically (24—-72h; Figure 5a)
is related to the high ‘demand’ occurring at the inflammatory site

Control of macrophage populations by CSF-1R and GM-CSF
JC Lenzo et al

(see Discussion); perhaps, the different pattern at these time points
in the GM-CSF—/— mice is related to the lack of this ‘demand’
(see Discussion). It could also be that the peak in the number of
the bone marrow Ly6CM monocytes at around 48h for the wild-
type mice (Figure 6f) is due to this site, endeavouring to provide
sufficient Ly6CM blood monocytes for the local inflammatory
response (Figures 5a and 6d).

At around the time of peritoneal neutrophil influx in wild-type
mice (2h, Figure 5b), for blood neutrophil numbers, there was
a transient peak, which for some reason was slightly delayed in
GM-CSF—/— mice (Figure 6g). For both mouse strains, when poly-
morphonuclear neutrophils numbers rose in the inflamed perito-
neum (around 6-18h; Figure 5b), there was a dip in circulating
polymorphonuclear neutrophils numbers (Figure 6g), suggesting
a possible relationship; at times >18h for wild-type mice, but not
GM-CSF—/— mice, the polymorphonuclear neutrophils numbers
were prolonged in the peritoneum (Figure 5b) and possibly in
blood (Figure 6g).

DISCUSSION

We adopted strategies to study the contribution of CSF-1R and
GM-CSF to monocyte/macrophage subpopulation numbers, both in
the steady state and during inflammation. For CSF-1R involvement,
we chose to use mAb neutralization in adult mice rather than gene-
deficient mice on account of the compromised bone marrow cavity
in these mice, leading to compensatory myelopoiesis elsewhere,
and also because of the age-related recovery in macrophage lineage
development®” and the conflicting reports as to the extent of the
monocytopenia.®-$101241-44 This approach also has an advantage over
CSF-1R kinase inhibitors, as such inhibitors have other targets that
potentially complicate the interpretation of some of their effects.

We were able to observe a surprisingly specific and rapid (<4 days)
CSF-1R-dependent reduction in the number of the Ly6Cl blood
monocyte subpopulation in the steady state (Figure 1c); we suggest
that this rapid loss of Ly6C'® monocytes is consistent with the in vivo
evidence that Ly6CM monocytes mature quickly into Ly6C!® mono-
cytes within a 48-h period.'” CSF-1 has been shown in vitro to
modulate Ly6C expression in macrophage lineage cells,*® but it has
remained unclear as to the events that control this conversion
in vivo.174647 Seeing that we did not find evidence of Ly6C" monocyte
accumulation upon anti-CSF-1R administration, it is possible that,
rather than there being a simple CSF-1-dependent blockade in the
conversion from Ly6C" to Ly6Cl® cells, the Ly6C® population and not
the immature Ly6CM monocytes depend upon CSF-1R activity for the
maintenance of their numbers in vivo by enhancing their survival.
The lack of effect of the anti-CSF-1IR mAb on Ly6CM monocyte
numbers would not seem to be due to lack of receptor signaling in
this population, as they have similar CSF-1R surface expression
(Figure 2e) and both monocyte populations can proliferate in vitro
in the presence of CSF-1;7 it could be that the Ly6C" population has
another CSF-1R-independent mechanism to maintain their numbers.
It is also possible, for some reason, that the Ly6C1° monocytes are
preferentially killed. This preferential depletion of the less abundant
Ly6Clo subpopulation is consistent with the partial monocytopenia
observed in some, but not all studies with Csflr~/Csflr~ mice
and Csf1op/p 6-810,1241-44 The data suggests that CSF-1R activity,
presumably resulting from CSF-1 (and/or IL-34) activity, is not
required until relatively late in macrophage lineage development
under homeostatic conditions, the stage of the CSF-1 requirement
being a controversial issue.*8 Since the submission of this manuscript,
it has also been shown?® that in the steady state, AFS-98 lowers
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Figure 6 Kinetics of the changes in monocyte/macrophage subpopulation numbers during peritoneal inflammation in wild-type versus GM-CSF—/— mice.
Wild-type and GM-CSF—/— mice were sensitized to mBSA and then challenged i.p. to induce a peritoneal inflammatory reaction. (a—e) Ly6C surface
expression was measured on peritoneal macrophages and blood monocytes at various time points post challenge. (a) Peritoneal macrophages from wild-type
mice. (b and c) Peritoneal macrophage subpopulation numbers in wild-type and GM-CSF—/— mice: (b) Ly6C"; (c) Ly6C'. (d and e) Peripheral blood
monocyte subpopulation numbers in C57BL/6 and GM-CSF—/— mice: (d) Ly6C"; (e) Ly6C'"®. (f) Bone marrow monocyte number. (g) Peripheral blood
neutrophil numbers. Data are expressed as total cell number, monocytes per ml, bone marrow monocytes/femur or neutrophils per ml (meants.e.m.);
n=10 mice per strain. (b and ¢) *P<0.05, **P<0.001, time point post challenge versus Day O; (d) *P<0.01, time point post challenge versus Day O;
(f) *P<0.05, **P<0.001, time point post challenge versus Day O; (g) *P<0.05, **P<0.0001, time point post challenge versus Day O.

preferentially the Ly6C!® blood monocyte subpopulation, as well as
F4/80* splenic macrophages.

Others failed to note a decline in total blood monocyte numbers
after daily injections of AFS98 for 5 days,® possibly because sub-
populations were not examined. Recently, following administration
of a different neutralizing anti-CSF-1R mAb (M279, IgGl), it was
reported in Macgreen mice that the Gr-1"8 (that is, Ly6C!°) monocyte
subpopulation was also specifically depleted with accumulation of the
Gr-1h subset;2® however, unlike our observations above, this reduction
was slow and required more than 7 days after the last injection.?’
We also did not confirm a compensatory accumulation of the Ly6CM
(that is, Gr-1hi) subpopulation. The reason(s) for these differences
with the respective anti-CSF-IR mAbs is unknown although the
often-used AFS98 is IgG2a, whereas the new anti-CSF-1R mAb
(M279) in MacDonald et al.?® is IgGl (see below). Differences in
the properties of the respective IgG2a and IgG1 mAbs, possibly even
due to a different mode of action, presumably account for the different
kinetics of the Ly6Cl® monocyte depletion.
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Whether the rapidly reduced peritoneal macrophage (Ly6C)
numbers in the steady state, following anti-CSF-1R mAb injection
(<3 days) (Figure 2c), are due to a similar mechanism(s) in the
peritoneum, as proposed above for the blood, is unknown. There
is evidence for local control of macrophage numbers in the unstimu-
lated peritoneal cavity,>>? in contrast to earlier conclusions,”® and
the evidence for the role of blood Ly6C'® monocytes as precursors
for resident tissue cells, is rather limited.’* However, it is possible
that the fewer resident peritoneal macrophages observed could be
due to some extent to the reduced numbers of blood Ly6C'® mono-
cytes following anti-CSF-1R neutralization being available to migrate.
Our resident peritoneal macrophage data is also compatible with
the data for both Csflr~/Csflr~ and Csf1°’P mice,%’ and with the
rapid loss of i.p. CSF-1R" osteoclast precursors 3 days after intra-
venous injection of AFS98.°°> Our data is also consistent with the
rapid reduction (within 4 days) of steady state tissue macrophages
following administration of an orally active CSF-1R tyrosine kinase
inhibitor.>®



As regards inflammation, we showed above that the widely used
anti-CSF-1R mAb, AFS98, reduced the number of (Ly6C1°) macro-
phages in two peritonitis models and of alveolar macrophages in LPS-
induced lung inflammation; for thioglycolate-induced peritonitis, our
data are similar to the effects of an orally active CSF-1R tyrosine kinase
inhibitor,’” but at variance with negative findings using a different
CSF-1R mAb (M279) in this model and in the same lung inflamma-
tion model,” leading the authors to conclude that CSF-1 signaling
does not have a non-redundant function in inflammation. Our
different findings are consistent with those in atherosclerosis models
with a reduction in lesion size upon AFS98 administration, correlating
with a reduction in circulating monocyte number, as well as in Csf1°P/oP
mice;®®>° they are also consistent with the reduced inflammatory
response to both CSF-1R and CSF-1 inhibition in different autoim-
mune/inflammatory settings.>!>°0:57:5860-62 Thys, the conclusions
drawn about the role of CSF-1R, and by implication CSF-1 (and/or
IL-34), in inflammation, following CSF-1R mAb administration,
appear to depend on the particular anti-CSF-1R mAb administered.

Murine Ly6Cl° (Gr-1~) monocytes are termed ‘non-classical, ‘resi-
dent’ or ‘patrolling’ monocytes.”’ They express more of the proin-
flammatory cytokine, tumor necrosis factor, than the so-called
‘classical’ monocytes;®> Ly6C® monocytes are considered to be analo-
gous to the human CD16% ‘non-classical’ monocyte subpopula-
tion?®®* and, interestingly, in the context of our findings, it is this
subpopulation which is depleted in rheumatoid arthritis blood after
treatment with neutralizing anti-CSF-1 mAb.%> Thus, we suggest that
in the mouse, depletion of non-classical Ly6C' monocytes may
contribute to the anti-inflammatory effects of CSF-1R and CSF-1
inhibition.

For anti-GM-CSF mAb treatment, there were no discernable
changes in total monocyte (Figure 1b), monocyte subpopulation
(Figure 1c) or peritoneal macrophage numbers (data not shown) in
the steady state. However, in GM-CSF—/— mice, whereas there was no
significant reduction in total monocyte numbers in the steady
state,'>!4 a more detailed analysis showed slightly fewer of the less
abundant Ly6Cl° monocytes (Figure 4b). The reason(s) for the
difference from the anti-GM-CSF data is unknown, although devel-
opmental effects in the GM-CSF—/— may be contributing. Even
though no decrease in monocyte numbers was noted in the GM-
CSF—/— mouse,'>!* there was a compromised cytokine response to
LPS, suggesting perhaps altered monocyte/macrophage function,!%
Our data showing reduced Ly6C'® monocytes in the steady state in the
GM-CSF—/— mouse is consistent with these lower cytokine levels and
indicates that there may be other subtle differences not yet discovered
in the GM-CSF-deficient mouse.!>146768 [t is interesting that we
could not demonstrate similar findings in the steady state with the
neutralizing anti-GM-CSF mAb, possibly because the latter approach
could not decrease the levels of GM-CSF sufficiently. In this connec-
tion, it has been shown that cell survival requires only low GM-CSF
concentrations with higher levels required for additional myeloid cell
functions, such as differentiation and activation.®® Even though anti-
GM-CSF mAb administration did not reduce steady state Ly6Clo
monocyte/macrophage cell numbers, it could be that other properties
of monocytes/macrophages (and neutrophils) are altered.”®

We previously showed for the first time in any inflammation model,
using i.p. thioglycolate injection, that immature Ly6C" macrophages
were observed early in the exudate to be replaced by Ly6C'® macro-
phages.*® To be able to compare directly in the same experiment the
involvement of CSF-1R and GM-CSF on macrophage lineage popula-
tions in an inflammation model, we chose mBSA-dependent acute
peritonitis established in our laboratory,?! as unlike the widely used

Control of macrophage populations by CSF-1R and GM-CSF
JC Lenzo et al

thioglycolate-induced peritonitis model, we had shown that the
maintenance of the inflammatory reaction was GM-CSF-dependent.3?
Also, an antigen-driven model would serve as a useful one for
immune-driven inflammation models in general. The lower (Ly6C!°)
macrophage numbers during mBSA-induced peritoneal inflammation
upon CSF-1R neutralization (Figure 3b) could be due to their
derivation from the Ly6Ch macrophages in the inflamed peritoneum
and/or be due to their independent migration from the depleted
Ly6C'® blood monocyte population (Figure 3d). Both mechanisms for
the control of Ly6C tissue macrophage numbers have been
claimed;'®242527 our data (Figure 6a) showing a loss of Ly6Ch over
time on the exudate macrophages would appear to be more consistent
for the former mechanism. For the acutely inflamed peritoneum in
mice, in contrast to Ly6C™ monocytes, it has been difficult to show
Ly6C'® blood monocyte migration.!617:4

The neutralizing anti-GM-CSF mAb also was able to reduce the day
4 peritoneal exudate (Ly6C!®) macrophage numbers when adminis-
tered locally (Figure 3b), but not systemically (that is, subcuta-
neously). We previously used GM-CSF—/— mice to show that for
sterile peritonitis models, a requirement for GM-CSF in the control of
exudate cell numbers was stimulus dependent.® We also showed
before, by this strategy in the mBSA-dependent model, that the
exudate macrophages in the gene-deficient mice, while being present
in lower numbers, were also defective in properties such as inflam-
matory cytokine production and phagocytosis.>® During peritonitis
development, in agreement with the 22E9 treatment (Figure 3b), in
GM-CSF—/— mice, there were reduced numbers of exudate (Ly6C1°)
macrophages at day 4 (Figures 5a and 6¢). When the kinetics of the
reaction were followed, it appears that levels of peritoneal Ly6CM
macrophages (Figure 6b) and neutrophils (Figure 5b) early in the
response are relatively preserved which, however, are not prolonged
due to GM-CSF deficiency.

Consistent with the possibility of there being a GM-CSF-dependent
signal(s) from the peritoneum to the blood, there was suggestive
evidence that Ly6C monocyte levels in wild-type mice, but not in
GM-CSF—/— mice, are reduced in the blood at 48-72h (Figure 6d),
that is, 1-2 days before the peak of the appearance of the exudate
macrophages in the former mice (Figure 5a). A possible explanation
for the lower numbers of blood Ly6Ch monocytes in wild-type mice
at the peak of the macrophage reaction in the inflamed tissue is that,
the monocyte supply is briefly inadequate to meet the demand of
providing large numbers of macrophages for this reaction—such a
transient reduction in monocyte numbers has been observed in both
thioglycolate and L. monocytogenes—elicited peritonitis.'””! We are
proposing that the above mentioned GM-CSF-dependent signal(s)
is missing in GM-CSF—/— mice, leading to a lack of continued
demand for cellular influx into the peritoneal cavity, which is reflected
systemically in the Ly6Ch' blood monocyte and neutrophil profiles
(Figures 6d and g, respectively). The lack of an early effect on
neutrophil (and macrophage) infiltration in GM-CSF—/— mice
is consistent with findings for the acute neutrophil response in
casein-induced peritonitis and with the observation that i.p.
GM-CSF injection does not induce such an influx.”? In addition
to these direct or indirect systemic effects of GM-CSE, it is also
likely that GM-CSF is required locally in the inflamed perito-
neum, not only to ‘activate’ macrophages'>*%73 and neutrophils,
but also to directly maintain macrophage numbers, for example,
by a pro-survival action.”* The reduction in peritoneal exudate
macrophages at day 4 in GM-CSF—/— mice (Figure 5a) is more
pronounced than that achieved by anti-GM-CSF mAb injection
(Figure 3b), possibly because GM-CSF is entirely absent throughout.
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However, this difference may be simply due to incomplete GM-CSF
depletion by 22E9.

Given what is known about the respective biologies of CSF-1 and
GM-CSE!® it would be surprising if there were no different effects on
macrophage lineage populations upon neutralization/depletion of CSF-
IR and GM-CSF activity, both in the steady state and during an
inflammatory reaction. CSF-1 circulates at detectable levels in the steady
state and is constitutively produced in vitro by several cell types;!® in
contrast, the production of GM-CSF usually requires stimulation, for
example by infection/inflammation, to be measured easily. Based on the
literature and our data above, we propose a model in which CSF-1R
activity, and by implication CSF-1 and/or the recently described CSF-1R
ligand, IL-34,13 is required for the generation of relatively more mature
macrophage lineage populations in blood and tissue, both during
homeostasis and inflammation; on the other hand, in inflammation,
GM-CSF can be important for the prolonged mobilization of less
mature monocytes, and also of polymorphonuclear neutrophils, from
bone marrow to blood to tissue.?®”> Obviously, additional studies are
required to test the general relevance or not of this model.

METHODS

Mice

GM-CSF gene-deficient (GM-CSF—/—) mice, backcrossed onto the C57BL/6
background for 11 generations, were originally provided by the Ludwig
Institute for Cancer Research (Parkville, Victoria, Australia). C57BL/6 mice
were originally obtained from Central Animal Services, Monash University
(Clayton, Victoria, Australia).>” Cfins-GFP (Macgreen) mice carry a transgene
encoding green fluorescent protein driven by the csfIr promoter.”® These mice
have been back crossed onto C57BL/6 for 12 generations. These strains of mice
are bred in our on-site animal facility. BALB/c mice were obtained from the
Animal Resource Centre Pty. Ltd (Perth, Australia). Mice were fed standard
rodent chow and water ad libitum and were housed in sawdust-lined cages in
groups of five. Mice of 8—12 week old were used in all experiments, which were
approved by the Animal Experimentation Ethics Committee of The University
of Melbourne and conducted in compliance with the guidelines of the National
Health and Medical Research Council of Australia on animal experimentation.

Reagents

mAbs against the following antigens were used in this study: CD11b (Mac-1 a-
chain; M1/70-allophycocyanin: BD Pharmingen, San Diego, CA, USA), Ly6C
(AL-21-FITC: BD Pharmingen; HK1.4-PerCP-Cy5.5: eBioscience, San Diego,
CA, USA), Ly6G (1A8-PE; BD Pharmingen), CD115 (c-Fms: AFS98 PE and
biotin: eBioscience). The following hybridomas (IgG2a) were gifts: neutralizing
anti-mouse GM-CSF (22E9.11: Dr J Abrams, Schering Biopharma, Palo Alto,
CA, USA), anti-B-galactosidase (GL117.41: Schering Biopharma) and anti-
(CSF-1R) c-Fms (AFS98: Dr S-I Nishikawa, Kobe, Japan). Streptavidin PerCP
(BD Pharmingen) was used as a secondary, where appropriate.

Flow cytometric analysis

Cells were washed twice in phosphate-buffered saline (PBS), counted and
resuspended in fluorescence activated cell sorting buffer (1% BSA in PBS
containing 0.01% NaN3). For phenotypic analysis, cells (1x 10 cells/stain) were
initially incubated with 10% mouse serum for 20 min at 4 °C. Subsequently,
cells were incubated with the appropriately labeled primary Abs, followed by
the appropriate secondary Ab. All incubations were performed on ice for
20 min and were followed with three washes with fluorescence activated cell
sorting buffer. Appropriate isotype controls were used in all cases. For flow
cytometric analysis, a typical forward and side-scatter gate was set to exclude
dead cells and aggregates; a total of 10* events in the gate were collected and
analyzed using a FACSort and software (BD Biosciences, San Jose, CA, USA).3!

Peritonitis models
As before,>! mice were immunized intradermally in the base of the tail with
100 pg of mBSA (Sigma-Aldrich, St Louis, MO, USA), emulsified in an equal
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volume of CFA containing 5mgml~! heat-killed Mycobacterium tuberculosis
(H37Ra; Difco, Detroit, MI, USA); 14 days later the primary immunization
protocol was repeated as a boost. 7 days later (that is, day 21 after the primary
immunization), peritoneal exudate cells were elicited by i.p. injection of 100 pg
of mBSA. Peritoneal exudate cells were also elicited by i.p. injection of 1 ml of
Brewer’s thioglycolate medium (Difco) as previously described.* Cells were
harvested at various time points after injection, blood collected by cardiac
puncture, bone marrow cells by flushing from mouse femurs, and peritoneal
exudate cells by lavaging with 5ml of ice-cold, sterile PBS.

LPS-induced lung inflammation

Mice were anesthetized lightly by inhalation of Penthrane vapor and 50 pl of (a)
PBS and (b) maximally tolerated dose of LPS (10 pg of Escherichia coli serotype
026:B6: (Sigma) in 50l of PBS), administered intranasally as previously
described.3>3¢ After 72h of LPS or PBS treatment, mice were killed by an
i.p. overdose of anesthetic (sodium pentobarbital, 300 mgkg~! i.p.). Lungs from
each terminally anesthetized mouse were lavaged in situ with a 400 pl aliquot,
followed by three 300 pl aliquots of PBS as before.>*%78 The total number of
viable cells in the bronchoalveolar lavage fluid was determined, cytospins
prepared using 50-200 pl bronchoalveolar lavage fluid and cells differentiated
by standard morphologic criteria. A minimum of 500 cells per slide were counted.

mAb blockade

In steady state experiments, mice were usually injected daily, either subcuta-
neously or i.p., for 4 days, with 300 ug of AFS98 (anti-CSF-1R), 22E9 (anti-
GM-CSF) or an isotype IgG2a control (anti-B-galactosidase). In the mBSA-
induced and thioglycolate-induced peritonitis experiments, mice were injected
i.p., daily from day —2 to 3, with day O being the time of initiation of the
peritonitis. For the LPS-induced lung inflammation experiments, mice were
anesthetized lightly by inhalation of Penthrane vapor and 30 pl of the same Abs
(100 pg per mouse), administered intranasally. The mAbs were administered
3 h before LPS or PBS.

Quantitation of CSF-1
CSF-1 levels in peritoneal fluid and serum were assayed using ELISA according
to manufacturer’s instructions (PeproTech, Rocky Hill, NJ, USA).

Statistics

A t-test was usually used to determine statistical differences and P<0.05 was
considered significant. For lung inflammation experiments, data was analyzed
using the two-way analysis of variance and Bonferroni post-test.
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