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Colony-stimulating factor 1 receptor (CSF1R) inhibition has
been proposed as a method for microglia depletion, with the
assumption that it does not affect peripheral immune cells.
Here, we show that CSF1R inhibition by PLX5622 indeed affects
the myeloid and lymphoid compartments, causes long-term
changes in bone marrow-derived macrophages by suppressing
interleukin 1β, CD68, and phagocytosis but not CD208, follow-
ing exposure to endotoxin, and also reduces the population of
resident and interstitial macrophages of peritoneum, lung, and
liver but not spleen. Thus, small-molecule CSF1R inhibition is
not restricted to microglia, causing strong effects on circulating
and tissue macrophages that perdure long after cessation of
the treatment. Given that peripheral monocytes repopulate
the central nervous system after CSF1R inhibition, these
changes have practical implications for relevant experimental
data.
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Colony-stimulating factor 1 receptor (CSF1R) inhibition has
been proposed as specific for central nervous system (CNS)

microglia depletion without significant effect on peripheral im-
mune cells (1–4). This has been based on rather crude assays
and indirect assessment of peripheral cell subtypes and func-
tion. Given that peripheral monocytes have been shown to
participate in CNS disease via both infiltration and repopula-
tion of neuroglia following microglia depletion (4–10), it is
important to determine if CSF1R inhibition causes functional
changes in peripheral immune cells that can become part of the
CNS (3, 4, 10–14).
Here we show that, contrary to the accepted notion (1, 11),

PLX5622, a commonly used CSF1R inhibitor (8, 10, 11), does
not affect only microglia but also leads to long-term changes in
the myeloid and lymphoid compartments of the bone marrow,
spleen, and blood by suppressing CCR2+ monocyte progenitor
cells, CX3CR1+ bone marrow-derived macrophages (BMDMs),
CD117+ (C-KIT+) hematopoietic progenitor cells, F4/80+,
MerTK+, and CD34+ hematopoietic stem cells (Fig. 1 A–G).
Most importantly, these cell populations either do not recover
or rebound after cessation of CSF1R inhibition, with the exception
of CD45+ CD11b+ cells which remain unaffected (Fig. 1 A–G).
CSF1R inhibition also alters the lymphoid compartment of the
bone marrow by suppressing T cells (CD3+, CD4+, and CD8+)
and up-regulating CD19+ B cells (Fig. 1G). Cessation of CSF1R
inhibition causes rebound of some, but not all, lymphoid cells
(Fig. 1G).
In addition to the effects on bone marrow cells, CSF1R inhi-

bition also suppresses splenic CX3CR1+ cells that persist for at
least 3 wk after cessation of treatment (Fig. 1H). Moreover,
splenic CD3+ T cells (primarily CD8+) become suppressed,
whereas CD19+ B cells are not affected (Fig. 1H).
Circulating CX3CR1+, CD115+, F4/80+, and MerTK+

blood cells are suppressed, but not the lymphoid CD3+ and

CD4+ populations (Fig. 1I). Cessation of CSF1R inhibitor
causes rebounding of the CX3CR1+, F4/80+, and MerTK+ but
not CD115+ blood cells and leads to delayed suppression of
CD19+, CD3+, and CD4+ lymphoid cell in the circulation
(Fig. 1I).
CSF1R inhibition also suppresses the proliferation of bone

marrow and spleen macrophages (Fig. 2 A–D) and impairs
the function of BMDMs for the long term. Three weeks after
cessation of CSF1R inhibition, BMDMs display reduced
interleukin (IL)-1β expression in response to endotoxin
(Fig. 2 E and F), diminished phagocytosis (Fig. 2 E–G), re-
duced CD68 but not CD206 expression (Fig. 2 I–L), and
suppressed CD115 labeling (Fig. 2 M and N). Moreover,
CSF1R inhibition reduced the number of tissue-resident and
interstitial macrophages of the lung (15, 16), liver (17), and
peritoneum (18) and suppressed femur macrophages but did
not affect CD45+ CD11b+ CD106+ spleen (19) and F4/80lo

MHCII+ CSF1R+ CD11c+ peritoneum macrophage subsets
(18) (Fig. 2O).
Previous studies have suggested that microglia depletion by

CSF1R inhibition can either promote or exacerbate neuro-
degeneration (4, 10). These puzzling and contradictory results
may not only be due to the differing role of microglia in var-
ious disease models but also to the varying relative contribu-
tion of peripheral and circulating macrophages on disease
phenotype. Considering that BMDMs permanently engraft
into diseased CNS tissue (8, 10), this work suggests that small-
molecule inhibition is not restricted to microglia but addi-
tionally affects the turnover and function of bone marrow-
derived, circulating, and tissue-resident macrophages. These
effects perdure long after cessation of the treatment and have
implications for the interpretation of relevant experimental
data.

Materials and Methods
Mouse Model. Experiments were conducted in accordance with the
Association for Research in Vision and Ophthalmology and the NIH
guidance for use of laboratory animals and approved by the institu-
tional Animal Care Committee of Massachusetts Eye and Ear - Harvard
Medical School. Mice (6 to 12 mo old) used included C57BL/6J (000664),
B6.129(Cg)-Ccr2tm2.1lfc/J (017586), and B6.129P- Cx3cr1tm1Litt/J (005582)
from The Jackson Laboratory. CCR2RFP/+::CX3CR1EGFP/+ mice were generated
by crossing B6.129(Cg)-Ccr2tm2.1lfc/J with B6.129P- Cx3cr1tm1Litt/J. CX3CR1EGFP/+

Author contributions: F.L. and E.I.P. designed research; F.L. and C.Z. performed research;
N.C. contributed new reagents/analytic tools; F.L., N.C., and E.I.P. analyzed data; and J.C.,
D.G.V., and E.I.P. wrote the paper.

The authors declare no competing interest.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).
1To whom correspondence may be addressed. Email: eleftherios_paschalis@meei.
harvard.edu.

First published September 8, 2020.

23336–23338 | PNAS | September 22, 2020 | vol. 117 | no. 38 www.pnas.org/cgi/doi/10.1073/pnas.1922788117

https://orcid.org/0000-0002-9169-8314
https://orcid.org/0000-0002-7240-822X
https://orcid.org/0000-0003-3215-068X
https://orcid.org/0000-0002-7463-1599
https://orcid.org/0000-0002-8622-6478
https://orcid.org/0000-0002-4544-4452
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1922788117&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:eleftherios_paschalis@meei.harvard.edu
mailto:eleftherios_paschalis@meei.harvard.edu
https://www.pnas.org/cgi/doi/10.1073/pnas.1922788117


mice were generated by crossing male B6.129P- Cx3cr1tm1Litt/J with
female C57BL/6J. Mice were bred in-house. For microglia depletion,
PLX5622 chow (Plexxikon Inc.) was administered for 3 wk. Flow
cytometry and ex vivo BMDM evaluation were performed as previ-
ously described (8, 10). Blood cells were collected by cardiac puncture
and centrifugation. Peritoneum-, lung-, liver-, spleen-, and femur-
resident macrophages were evaluated using appropriate markers
(16, 19) in BMT CX3CR1+/EGFP reporter mice following 3-wk exposure to
PLX5622.

Flow Cytometry Markers. Bone marrow and spleen cells from CX3CR1+/GFP

and CX3CR1+/EGFP::CCR2+/RFP reporter mice were blocked with CD16/32
(clone: 2.4G2), analyzed with IL-1β (clone: NJTEN3), Lyve1 (clone: ALY7)
(eBiosciences); CD45 (clone: 104), CD11b (clone: M1/70), CD11c (clone:
N418), CD3 (clone: 17A2), CD4 (clone: GK1.5), CD8 (clone: 53-5.8), CD19
(clone: 6D5), CD117 (clone: 2B8), CD34 (clone: HM34), CD115 (clone:
AFS98), CD64 (clone X54-5/7.1), Clec4f (clone 3E3F9), Tim-4 (clone RMT4-
54), Siglec F (clone S17007L), PE Lineage mixture (catalog no. 133303),
CD68 (clone: FA-11), CD206 (clone: C068C2), CCR2 (clone: SA203G11),
BrdU(clone: Bu20a), F4/80 (clone: BM8), MerTK (clone: 2B10C42), CD11a
(clone: I21/7), CD102 (clone: 3C4), CD106 (clone: 429), and I-A/I/E (clone:
M5/114.15.2) (BioLegend). Intracellular staining was performed by fixing

cells in paraformaldehyde-based fixation buffer (BioLegend) followed by
permeabilization with Perm/Wash buffer (BioLegend). Cells were analyzed
on a BD LSR II cytometer (BD Biosciences) using FlowJo software
(Tree Star).

Lipopolysaccharide Stimulation Assay. BMDMs were primed with 150 U/mL
interferon (IFN)-γ (6 h) followed by 10 ng/mL lipopolysaccharide (LPS)
(Sigma-Aldrich) for 20 h. Brefeldin A (5 μg/mL) (BD Pharmingen) was added
4 h before flow cytometry.

Phagocytosis Assay. The pHrodo Red BioParticles Conjugates for
Phagocytosis (P35364; Molecular Probes) kit was used. Six days after
cell plating with macrophage colony-stimulating factor, and 1 d prior
to the assay, BMDMs were recovered from culture and seeded. Cells
were stimulated with IFN-γ for 4 h and then culture medium was
replaced with reconstituted red Zymosan A BioParticles. Cells were
incubated at 37 °C for 2 h, trypsinized, and evaluated with flow
cytometry.

Statistics. Data were analyzed with GraphPad Prism version 2.8.1 using
two-tailed unpaired t test and ordinary one-way ANOVA with Dunnett’s
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Fig. 1. CSF1R inhibition affects the myeloid and lymphoid compartments of the bone marrow, spleen, and blood. Flow cytometric analysis of bone marrow
cells isolated from CCR2+/RFP::CX3CR1+/GFP mice treated with PLX5622 for 3 wk, at different time points after inhibitor treatment cessation. (A–F) CSF1R in-
hibition suppresses CCR2+, CX3CR1+, CD117+, and CD34+ cells. One week after cessation of inhibitor, only macrophages recover in number, although with a
lower expression of CX3CR1. (G) CSF1R inhibition does not affect CD45+, CD11b+, or Ly6C+ bone marrow myeloid cell populations but does suppress CD11c+

dendritic cells, CD4+ and CD8+ T lymphocytes, and CD115+, CD117+, and CD34+ hematopoietic subsets and up-regulates CD19+ B cells. Three weeks after
cessation of CSF1R-inhibition, CX3CR1+, CCR2+, Ly6C+ CD3+, and CD8+ subpopulations rebound; Ly6G+ granulocytes, CD115+, and CD117+ cells remain sup-
pressed; CD4+ T cells and CD34+ cells recover; and CD19+ B cells remain up-regulated. (H) Effects on spleen’s myeloid and lymphoid populations. Only CD19+

B cells remain unaffected. (I) CSF1R inhibition causes immediate suppression in the myeloid compartment and late suppression of the lymphoid compartment
of the blood. n = 5 per group, mean ± SD, one-way analysis of variance with Dunnett’s correction for multiple comparisons, *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001.
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correction for multiple comparisons. Statistical significance was determined at
P < 0.05.

Data Availability. All study data are included in the paper. Materials are
available commercially and are listed in Materials and Methods.
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Fig. 2. CSF1R inhibition affects function and survival of resident and interstitial macrophages. (A–D) Ex vivo evaluation of the function of BMDMs from
CX3CR1+/GFP mice 3 wk after cessation of CSF1R inhibitor. Macrophages from the bone marrow or spleen exhibit reduced proliferation 3 wk after cessation of
CSF1R inhibition. (E–L) CSF1R inhibition suppresses IL-1β, CD68 expression, and phagocytosis of BMDMs following exposure to LPS but does not affect CD206
expression. (H) Schematic representation of the phagocytosis assay. (M and N) CSF1R inhibition causes long-term suppression of CD115 macrophage marker.
(O) CSF1R-inhibitor reduces the number of resident and interstitial macrophages of the lung, liver, peritoneum, and femur but does not affect CD45+ CD11b+

CD106+ spleen and F4/80lo MHCII+ CSF1R+ CD11c+ peritoneal macrophages. n = 5 per group, mean ± SD, Independent t test, *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001.
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