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The receptor for colony stimulating factor 1 (CSF-1R) is important
for the survival and function of myeloid cells that mediate pathol-
ogy during experimental autoimmune encephalomyelitis (EAE), an
animal model of multiple sclerosis (MS). CSF-1 and IL-34, the
ligands of CSF-1R, have similar bioactivities but distinct tissue and
context-dependent expression patterns, suggesting that they
have different roles. This could be the case in EAE, given that
CSF-1 expression is up-regulated in the CNS, while IL-34 remains
constitutively expressed. We found that targeting CSF-1 with neu-
tralizing antibody halted ongoing EAE, with efficacy superior to
CSF-1R inhibitor BLZ945, whereas IL-34 neutralization had no
effect, suggesting that pathogenic myeloid cells were maintained
by CSF-1. Both anti-CSF-1 and BLZ945 treatment greatly reduced
the number of monocyte-derived cells and microglia in the CNS.
However, anti-CSF-1 selectively depleted inflammatory microglia
and monocytes in inflamed CNS areas, whereas BLZ945 depleted
virtually all myeloid cells, including quiescent microglia, through-
out the CNS. Anti-CSF-1 treatment reduced the size of demyeli-
nated lesions and microglial activation in the gray matter. Lastly,
we found that bone marrow-derived immune cells were the major
mediators of CSF-1R-dependent pathology, while microglia played
a lesser role. Our findings suggest that targeting CSF-1 could be
effective in ameliorating MS pathology, while preserving the
homeostatic functions of myeloid cells, thereby minimizing risks
associated with ablation of CSF-1R-dependent cells.

CSF-1R | EAE | multiple sclerosis | CSF-1 | IL-34

M ultiple sclerosis (MS) is an autoimmune disease character-
ized by accumulation of immune cells in inflamed areas of
the central nervous system (CNS), which eventually become
demyelinated lesions (1). Myeloid cells account for up to 78% of
immune cells in active MS lesions (2), suggesting that they are
the major mediators of pathology. In support of this notion, stud-
ies in experimental autoimmune encephalomyelitis (EAE), an
animal model of MS, have demonstrated the essential role of
myeloid cells in EAE pathology, as interventions that affect them,
in particular, monocytes and conventional dendritic cells (cDCs),
ameliorate or abrogate EAE (3, 4). However, despite evidence on
the importance of myeloid cells in CNS autoimmunity, they have
not been specifically targeted for MS therapy. This provides an
opportunity for devising therapeutic approaches that target mye-
loid cells relevant to MS pathology.

Receptor for colony stimulating factor 1 (CSF-1R) is a cell-
surface receptor tyrosine kinase that binds two ligands, CSF-1
(also known as M-CSF) and IL-34 (5). CSF-1R signaling facili-
tates survival and proliferation of myeloid cells, with either CSF-1
or IL-34 predominantly controlling the size of myeloid cell popu-
lations in various organs and tissues (5-7). CSF-1R is expressed
by microglia, monocytes, and monocyte-derived cells, which

PNAS 2022 Vol. 119 No. 14 2111804119

comprise the bulk of myeloid cells in the CNS during MS and
EAE (6). CSF-1R function is not intrinsically proinflammatory, as
CSF-1R signaling in steady state induces a regulatory/homeostatic
phenotype in macrophages, and a resting/quiescent phenotype in
microglia (8, 9). However, in inflammation, CSF-1R function
could indirectly be proinflammatory by perpetuating the survival
and expansion of inflammatory myeloid cells. A recent study
found an increase in both CSF-1R and CSF-1 in and around
demyelinating lesions in cortical white matter of patients with pro-
gressive MS, and elevated CSF-1 in patients’ cerebrospinal fluid,
whereas IL-34 was not increased, suggesting that CSF-1 drives the
deleterious role of CSF-1R in MS (10). In the progressive EAE
model, CSF-1R has been identified as a key regulator of the
inflammatory response in the CNS, with CSF-1R and CSF-1
expression levels correlating with disease progression. Inhibition
of CSF-1R with small molecule inhibitor in mice with EAE
reduced the expression of proinflammatory genes, and the
remaining microglia had homeostatic gene expression profile (10).

It has been shown that direct inhibition of CSF-1R kinase activ-
ity with small molecule inhibitors suppresses EAE pathology (11),
but the effects of CSF-1R inhibition on particular cell subsets
remain poorly understood. Different methods for reducing CSF-1R
signaling, such as by antibodies (Ab) against the receptor or its
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individual ligands, have not been compared with small molecule
inhibitors. The principal difference between these blocking meth-
ods is that small molecule inhibitors readily penetrate the entire
CNS (12), whereas Abs have limited access, mainly to inflamed
areas where the blood-brain barrier (BBB) has been compromised
(6, 13). Furthermore, inhibitors of CSF-1R kinase activity could
also affect other kinases (14), causing unwanted effects, especially
over their prolonged use for therapy. In addition, direct inhibition
of CSF-1R indiscriminately affects its systemic functions in their
entirety, whereas individual neutralization of CSF-1 and IL-34
would have more nuanced effects, by preserving functions of the
ligand that has not been targeted. These differences could lead to
distinct outcomes in therapy of autoimmune neuroinflammation
given that the types and numbers of myeloid cells affected by vari-
ous means of CSF-1R inhibition can substantially differ. In addi-
tion, any indirect effects of CSF-1R inhibition on cells that do not
express CSF-1R also remain largely uncharacterized.

Our and other studies show that small molecule inhibitors of
CSF-1R cause a profound depletion of microglia (6, 12), which
may be an important drawback in their use for therapy, as micro-
glia play important roles in CNS homeostasis (9). It has also been
shown that neurons can express CSF-1R during excitotoxic injury,
contributing to their survival (9). Notably, it remains unknown
whether neurons express CSF-1R in EAE and MS and if its
expression would be of significance, but if so, restricting inhibition
of CSF-1R signaling to inflamed areas of the CNS could be bene-
ficial for neuronal survival. Thus, the ideal MS therapy would
preferentially block CSF-1R signaling only in inflamed regions,
affecting only inflammatory myeloid cells in them while sparing
cells in the rest of the CNS, such as quiescent microglia. This may
be accomplished by targeting CSF-1R ligands, CSF-1 and IL-34,
which show spatial- and context-dependent differences in expres-
sion (15). Although some differences have been described (16),
CSF-1 and IL-34 signaling via CSF-1R have similar effects at the
cellular level (17), suggesting that the differences found in animals
lacking CSF-1 or IL-34 are primarily due to differential expres-
sion patterns (18). IL-34 also binds to two additional receptors,
PTP-¢ (19), which has functions in oligodendrocyte development
and homeostasis (20), and CD138 (Syndecan-1), which modulates
IL-34—-dependent CSF-1R activity (21). CSF-1 is systemically the
dominant CSF-1R ligand, with its serum concentrations approxi-
mately 10 times greater than that of IL-34 (22, 23). Importantly,
CSF-1 is not highly expressed in the CNS, but its expression can
be up-regulated by inflammation or injury (24), facilitating expan-
sion of myeloid cells at the site of inflammation. In contrast to
more widespread CSF-1 expression, IL-34 is primarily and consti-
tutively expressed in the CNS and skin (25, 26). In steady state,
IL-34 maintains survival of tissue-resident myeloid cells in the
skin and CNS, as the primary effect of IL-34 knockout is lack of
Langerhan’s cells and microglia, respectively (15). IL-34 is the
predominant CSF-1R ligand in the CNS, accounting for 70% of
total CSF-1R signaling in healthy brain (9).

In the present study, we sought to understand how CSF-1R
inhibition affects immune cells in the CNS of mice with EAE
and to determine how the effects of blocking CSF-1 and IL-34
may differ from blocking CSF-1R. We found that treatment
with CSF-1R inhibitor BLZ945 suppresses EAE when given
both prophylactically and therapeutically. Treatment efficacy
correlated with a profound reduction in the numbers of mono-
cytes, monocyte-derived dendritic cells (moDCs), and micro-
glia, suggesting that loss of one or more of these cell types is
responsible for EAE suppression. We also found that blocking
CSF-1 but not IL-34 with Abs suppressed EAE. Importantly,
anti-CSF-1 treatment preferentially depleted inflammatory
myeloid cells, whereas quiescent microglia were preserved.
These findings suggest that blocking CSF-1 may be a better
therapeutic strategy for alleviating MS pathology than inhibit-
ing CSF-1R itself.
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Results

Blocking CSF-1R or CSF-1 but not IL-34 Suppresses EAE. To deter-
mine the roles of CSF-1R, CSF-1, and IL-34 in EAE, we blocked
them with either a small-molecule inhibitor or monoclonal Abs
(MADs). We blocked CSF-1R kinase function with BLZ945, a
CNS-penetrant small molecule that, among other effects, effi-
ciently depletes microglia within several days of treatment (12).
Prophylactic treatment with BLZ945 delayed the onset of EAE
(Fig. 1 A and B) and initially suppressed disease severity but did
not preclude subsequent disease progression despite continuous
treatment. We also blocked CSF-1R activity with MAb, which was
less effective than BLZ945 in delaying EAE onset and reducing
disease severity (Fig. 1 C and D). Surprisingly, anti-CSF-1R MAb
(clone AFS98) failed to bind to microglia, as determined by flow
cytometry, whereas it bound to monocytes (SI Appendix, Fig.
S1A). It is unclear why this MAD did not bind to microglia and
how that may have impacted its effect in EAE.

We then tested how neutralization of either CSF-1 or IL-34
with MAbs would affect EAE. In contrast to blocking CSF-1R,
neutralization of CSF-1 did not delay onset of disease (Fig. 1 E
and F) but did continuously suppress its severity. Anti-IL-34
treatment did not suppress EAE (Fig. 1 G and H), although
these data are limited by the small number of mice (n = 3). We
tested whether our treatments with the MAbs, which were rat
IgGs, induced an anti-rat IgG Abs in mice with EAE.
Anti—CSF-1 and control isotype MAD induced similar low titers
of anti-rat IgG, whereas anti-CSF-1R and anti-IL-34 MAbs
induced notably higher anti-rat IgG titers (SI Appendix, Fig.
S1B), indicating that anti-rat IgG responses may have reduced
the effects of anti-CSF-1R and anti-IL-34 MAbs. To minimize
the development of anti-rat IgG responses, we started anti-IL-
34 treatment after the onset of clinical discase, but similar to
prophylactic treatment, this had no impact on disease (S]
Appendix, Fig. S1C). We also found that intraperitoneal (i.p.)
administration of recombinant CSF-1 did not worsen disease
(SI Appendix, Fig. S1D). Overall, these data show that blocking
CSF-1R signaling attenuates EAE and that CSF-1 is the rele-
vant CSF-1R ligand for EAE pathology.

Inhibition of CSF-1R Signaling Depletes Myeloid Antigen-Presenting
Cells (APCs) in the CNS during EAE. We characterized how pro-
phylactic treatment with BLZ945 influenced CNS inflamma-
tion at the peak of EAE. BLZ945-treated animals had ~90%
reduced numbers of CD45% cells in the CNS compared to
vehicle-treated animals (Fig. 24). All major types of immune
cells were reduced in number, but CD11b* cells were most
impacted, including profound depletion of CD45"“CD11b*
Tmem119"CX3CR1"™  microglia and CD45™CD11b*CD11c*
myeloid DCs, including CD45™CD11b*CD11c¢*Ly6G*™ Ly6CH
MHCI™ moDCs (SI Appendix, Fig. S2). We clustered flow
cytometry data by #-stochastic neighbor embedding (+-SNE), and
consistent with manual gating, the frequency of microglia and
moDCs/macrophages was dramatically reduced (Fig. 2 B-E). In
contrast, the frequency of neutrophils was increased, likely
reflecting that they do not express CSF-1R (27) and are therefore
not impacted by CSF-1R inhibition. Interestingly, the frequency
of undifferentiated monocytes (CD45™CD11b*Ly6CHiCD11c™
MHCII") increased, suggesting that primarily monocyte-derived
cells are CSF-1R dependent. Overall, BLZ945 treatment markedly
reduced the frequency of CD11c* myeloid antigen-presenting cells
(APCGs) expressing MHCII, CD80, and CD86 (Fig. 2 E and F),
suggesting that CSF-1R signaling maintains sufficient numbers of
APCs in the CNS to drive inflammation during EAE. Lastly, we
found differences in cytokine production by CD4" T cells from
BLZ945-treated mice, including lower frequency of GM-CSF*
cells (SI Appendix, Fig. S2G).
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We next tested BLZ945 treatment during ongoing EAE, as
that scenario is the most relevant to MS therapy. Therapeutic
treatment with 200 mg/kg/day BLZ945 suppressed clinical
EAE, but better efficacy was observed with 300 mg/kg/day (Fig.
3 A and B). To determine the acute effects of CSF-1R inhibi-
tion on immune cells in the CNS, we focused our analysis on
mice treated with BLZ945 for 6 d, starting at a clinical score of
2.0. BLZ945-treated mice had reduced numbers of CD45* cells
in the CNS, primarily due to fewer CD11b" and CD11c* cells,
including microglia and CD45™CD11b*CD11c* myeloid DCs
(Fig. 3 C-F). Most immune cells depleted by BLZ945 treat-
ment coexpressed CD11c, TNE MHCII, CD80, and CD86, sug-
gesting that inflammatory APCs are preferentially affected by
CSF-1R inhibition (Fig. 3 G-I). IL-1p production was not
affected in BLZ945-treated mice (Fig. 3/). Taken together,
these data further indicate that inhibition of CSF-1R signaling
suppresses EAE by reducing numbers of APCs in the CNS.

Blocking CSF-1 Depletes Inflammatory Myeloid APCs in the CNS
without Affecting Quiescent Microglia. We next tested the thera-
peutic efficacy of anti-CSF-1 MAD treatment. Treatment initi-
ated after onset of disease suppressed clinical EAE (Fig. 44),
and the suppression was maintained up to 45 d after EAE
induction, which was the longest period tested (Fig. 4B). Simi-
lar to BLZ945, anti—-CSF-1 MAD suppressed disease even when
treatment was initiated during its more advanced stage (Fig. 4
C and D). Mice treated with anti-CSF-1 MADb had fewer
CD45* immune cells in the CNS, including CD11b*, CD11c*,
and CD4" cells (Fig. 4 E and F). The treatment decreased fre-
quency of CD11b"CD11c* myeloid DCs in the CNS (S
Appendix, Fig. S34), and among CD11b" myeloid cells, we
observed reduced frequencies of CD11c* microglia, moDCs,
¢DCs, and other CD11c* cells, indicating that DC populations
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were preferentially affected (ST Appendix, Fig. S3B). Anti-CSF-
1 treatment reduced the numbers of microglia to those in naive
mice (Fig. 4G) without depleting the entirety of microglia, as
was the case with BLZ945. Importantly, the reductions in
microglia numbers in anti-CSF-1-treated mice were primarily
due to loss of activated inflammatory microglia, which
expressed MHCII and/or CD68 (Fig. 4H).

We then quantified how anti-CSF-1 treatment affected the
composition of myeloid cells in the inflamed CNS. Anti-CSF-1
treatment reduced the frequencies of moDCs, macrophages, acti-
vated microglia and undifferentiated monocytes but did not affect
the frequency of neutrophils (Fig. 4 I and J). This resulted in a
large increase in the frequency of quiescent microglia among
CD11b* cells. Similar to BLZ945-treated mice, anti-CSF-1 treat-
ment resulted in a decrease in median fluorescence intensity
(MFI) for MHCII and CD80 but not CD86 (Fig. 4K), suggesting
that inflammatory APCs were preferentially impacted by
anti-CSF-1 treatment. Consistent with this, anti-CSF-1-treated
mice had a lower frequency of TNF*MHCII" cells in their CNS,
including moDCs (SI Appendix, Fig. S3 C and D). An important
pathogenic function of moDCs in EAE is production of IL-1p
(28). A reduced frequency of IL-1f—producing cells was also
observed in the CNS of anti-CSF-1-treated mice (Fig. 4L) but
not in BLZ945-treated mice (Fig. 3). Together, these data suggest
that neutralization of CSF-1 preferentially depletes infiltrating
and resident inflammatory myeloid cells, without affecting quies-
cent microglia.

Anti-CSF-1 Treatment Depletes Myeloid Cells in White Matter
Lesions, but not in the Gray Matter. We further tested whether
treatment with anti-CSF-1 MAD preferentially depletes inflam-
matory myeloid cells by examining their distribution in the CNS
by microscopy. Anti—-CSF-1-treated mice with EAE had reduced
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Fig. 2. CSF-1R inhibition depletes myeloid
APCs in the CNS of mice with EAE. C57BL/6J
mice were immunized for EAE induction
and treated orally with BLZ945 (4 mg/day)
or vehicle control (20% captisol) daily,
starting on the day of immunization. Mice
were euthanized on day 15 p.i., and brains
and spinal cords were pooled for cell isola-
tion. (A) Numbers of CNS CD45" cells (n =
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experiments). (B) t-stochastic neighbor
embedding plot depicting clustering of
CD45" cells (n = 5 mice per group).
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white matter demyelination and smaller spinal cord lesions when
compared to control mice (Fig. 5 A-C). Immunostaining and
analysis by confocal microscopy showed that mice treated with
control isotype MAb had large numbers of Iba™ cells throughout
the spinal cord (Fig. 5 D-G). In contrast, mice treated with
anti-CSF-1 MAD had notably fewer Iba* cells and were similar
to healthy naiwve controls. BLZ945 treatment depleted virtually
all Iba™ cells in both white and gray matter. Anti-CSF-1-treated
mice also had reduced density of Ibal™ and Iba*CD68" inflam-
matory myeloid cells both within regions infiltrated with immune
cells and in immediately surrounding areas but not further into
the gray matter (Fig. 5 E and F). Treatment with anti-CSF-1
MAD reduced numbers of gray matter microglia to levels found
in nave mice (Fig. 5G). Together, these data indicate that
anti—-CSF-1 treatment primarily targets inflammatory myeloid
cells in CNS lesions without depleting quiescent microglia in the
gray matter. Furthermore, the depletion of inflammatory mye-
loid cells in inflamed areas of the white matter precluded altera-
tions to microglia in normal-appearing white and gray matter at
sites distant from inflamed areas of the white matter, indicating
an overall reduction in CNS inflammation.
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P < 0.02. Error bars are SEM.

CSF-1R Inhibition Depletes Myeloid DCs and Monocytes in
Peripheral Lymphoid Compartments. Treatment with BLZ945
delayed onset of disease, whereas anti-CSF-1 treatment did not.
This difference could be due to diminished priming of encephali-
togenic T cell responses in peripheral lymphoid organs of
BLZ945-treated mice, resulting in failure to initiate disease in the
CNS. To test this possibility, we treated immunized mice with
either BLZ945 or anti-CSF-1 MAb and euthanized them during
the priming phase of EAE, on day 8 p.i. We quantified the
immune cells in blood, draining lymph nodes (dLN), and spleen
and found no difference in overall numbers of CD45™" cells in any
tissues examined from BLZ945- or anti-CSF-1-treated mice com-
pared to control animals (SI Appendix, Fig. S4). We did, however,
observe a decrease in the numbers of CD11b* cells in all tissues
examined from BLZ945-treated mice but not from anti-CSF-1-
treated mice (SI Appendix, Fig. S4 A-C). We noted a decrease in
CD11b"CD11c* cells in some peripheral lymphoid organs in both
BLZ945- and anti—-CSF-1-treated mice, including a decrease in
moDCs. Notably, numbers of monocytes were reduced in all
examined tissues from BLZ945-treated mice but not from
anti-CSF-1-treated mice (SI Appendix, Fig. S5 A-F).
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We tested whether reductions in myeloid DCs in the spleen
and dLNs would diminish MOGs;s_ss—specific T cells responses
but did not find reduced proliferation of cells from either
BLZ945- or anti-CSF-1-treated animals when compared to
control animals (SI Appendix, Fig. S5 G and H). We also mea-
sured antigen-specific proliferation at day 16 p.i. and found a
reduction in proliferation of splenocytes from BLZ945-treated
mice but not of cells from dLNs. The reduction was likely due
to fewer APCs, rather than to intrinsic differences in APC func-
tion, as coculture of equal numbers of CD11c* cells purified
from spleens of vehicle- or BLZ945-treated mice with CD4* T
cells from 2D2 mice elicited similar levels of proliferation (S
Appendix, Fig. S5 I and J). These data show that myeloid DCs
are impacted by CSF-1R inhibition, but this only modestly
affects the development of myelin antigen-specific responses.
Thus, delayed onset of disease in BLZ945-treated animals is
likely due to factors other than impaired development of
MOGg;s.ss—specific T cells responses.

CSF-1R Signaling Promotes Survival/Proliferation of Bone Marrow-
Derived moDCs, but not Their APC Function. We tested how CSF-1R
signaling influences the numbers of DCs by generating bone mar-
row-derived dendritic cells (BMDCs) with GM-CSF and IL-4
(29) and neutralizing CSF-1 and CSF-1R with MAbs. Cultures
with either anti-CSF-1 or anti-CSF-1IR MAbs contained fewer
CD11c*MHCIT™ DCs (ST Appendix, Fig. S64). This was corre-
lated with a decreased ratio of live/dead cells after lipopolysaccha-
ride (LPS) treatment (SI Appendix, Fig. S6B), suggesting that
survival of BMDCs was negatively impacted by the absence of
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mice were not immunized or otherwise
manipulated. (F) Frequency of CD45" cells
that also express CD11b and/or CD11c. (G)
TNF and MHCII expression in CD45" cells. (H

and /) Expression of MHCII, CD80, and CD86
in CD45*CD11b™* cells. Significance for (C-/)

was calculated by unpaired Student's t test.
P value corrections for multiple compari-
sons was performed by false discovery rate
approach with Q = 0.01 as a cutoff. Error

bars are SEM.

CSF-1R signaling. CSF-1R signaling was not important for the
development of APC function of BMDCs, as there was only a
small reduction in the frequency of CD11¢"MHCIT" among live
CD11b" cells (SI Appendix, Fig. S6 C and D), and coculture with
2D2 CD4* Tcells revealed no differences in eliciting the prolifera-
tion of 2D2 T cells (S Appendix, Fig. S6E). To confirm that these
findings are applicable to monocyte-derived BMDCs, we purified
CD11b* Ly6G Ly6C™ monocytes from the BM of CD45.1"
mice, mixed them with total BM cells from CD45.2" mice, and
blocked CSF-1R signaling during their development into moDCs.
Consistent with total BM cultures, blockade of CSF-1R signaling
did not affect the frequency of CDIllc™ MHCII'CD45.1*
moDCs (SI Appendix, Fig. S6 F and G) but caused a ~75% reduc-
tion in their numbers (SI Appendix, Fig. S6H). Together, these
data indicate that CSF-1R signaling promotes the survival of
moDCs, rather than their differentiation and APC function, which
is consistent with the role of CSF-1R signaling in maintaining
myeloid cell populations (5-7).

Blocking CSF-1R Signaling or CSF-1 Reduces Numbers of CCL2- and
CCR2-Expressing Myeloid Cells in the CNS during EAE. The numbers
of monocytes/moDCs in the CNS of mice with EAE were greatly
reduced during CSF-1R inhibition. Given that monocyte recruit-
ment into the CNS via CCL2/CCR?2 signaling is essential to EAE
pathology (30) and that several reports have shown that CSF-1
induces CCL2 production by monocytes (31, 32), we examined
CCL2 production in the CNS of BLZ945- and anti-CSF-1-
treated mice with EAE. The vast majority of CCL2* cells were
CD45" (SI Appendix, Fig. S84). Among CD45* cells, there was a
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Fig. 4. CSF-1 controls the population size of inflammatory myeloid cells in the CNS during EAE. (A) Clinical course and cumulative score of mice with EAE
treated with aCSF-1 MADb starting after disease onset (n = 7 per group; compiled from two independent experiments). The red line denotes day that
treatment was started. Mice were treated with 200 pg MAb per day. (B) Clinical course and cumulative scores of mice treated long term with aCSF-1
MADb. Mice were treated daily until day 25 p.i. and then every other day for the duration of the experiment. (C and D) Clinical course and cumulative
score for mice treated with «aCSF-1 MAD, starting at clinical score of 2.0 (n = 4 to 5 per group). (E-L) Characterization of immune cells from the CNS of
control MAb- and oCSF-1 MAb-treated mice. (E) Number of CD45% cells. (F) Numbers of CD11b*, CD11c*, and CD4*% cells. (G) Numbers of
CD45*CD11b*CX3CR1""Tmem119* microglia in control-treated, aCSF-1 MAb-treated, and naive mice. (H) Numbers of MHCII* and CD68* microglia in con-
trol MAb- and aCSF-1 MAb-treated mice. (/) t-stochastic neighbor embedding analysis of CD45*CD11b™* cells. moDCs and macrophages were defined as
CD45"'CD11b*CD11c*Ly6C*MHCII*CD80*CD86™. Activated microglia were defined as CD45*CD11b*Tmem119*CX3CR1"'MHCII*CD68*~ cells. Quiescent
microglia were defined as CD457CD11b*Tmem1197CX3CR1"MHCII"CD68~. Undifferentiated monocytes were defined as CD45"Ly6CH'CD11¢™ cells that
were overall MHCII**/N®9, Neutrophils were defined as CD45*CD11b*Ly6G"'. cDCs were defined as CD45"'CD11b*CD11c*MHCIIMLy6C CD26" cells. Other
CD11b* cells were defined as expressing CD11c and CX3CR1 but did not express markers for antigen presentation. (J) Quantification of clusters from (/).
(K) Median fluorescence intensity of MHCIl, CD80, and CD86 in CD45*CD11b™ cells. (L) Frequency of IL-1p* cells among CD45" cells. Significance was
calculated with unpaired Student’s t test. Error bars are SEM. Significance for clinical course was calculated by two-way ANOVA.

6 of 12 | PNAS Hwang et al.
https://doi.org/10.1073/pnas.2111804119 CSF-1 maintains pathogenic but not homeostatic myeloid cells in the central
nervous system during autoimmune neuroinflammation



Downloaded from https://www.pnas.org by THOMAS JEFFERSON UNIVERSITY on April 12, 2022 from | P address 147.140.233.15.

reduction in numbers of CCL2" cells in both BLZ945- and
anti—CSF-1-treated animals (SI Appendix, Fig. S7 A and D). The
majority of CCL2* cells were CD11b"Ly6C" (SI Appendix, Fig.
S7 B, C, E, and F), indicating that monocyte-derived cells are a
relevant source of CCL2 in the CNS during EAE. Most CCL2*
cells were TNF*MHCII* inflammatory myeloid cells (SI
Appendix, Fig. S8 B, C, F, and G). MFI for CCL2 among CCL2*
cells from anti-CSF-1-treated mice was also reduced (SI
Appendix, Fig. S8E). We also examined CCR2" cells from the
CNS of BLZ945- and anti—CSF-1-treated mice. As with CCL2-
producing cells, there was a reduction in numbers of CCR2* cells
(1 Agpendix, Fig. S7 G and J). Most CCR2" cells were
CD45™'CD11b*Ly6C* cells (SI Appendix, Fig. ST H, I, K, and L),
indicating that these were the same cells that produce CCL2.
Indeed, nearly all CCL2* cells were CCR2*CD11b" cells in
anti-CSF-1-treated mice (SI Appendix, Fig. S8K). Combined with
our in vitro findings, these data suggest that antagonism of
CSF-1R signaling inhibits the survival and proliferation of mono-
cytes/moDCs, resulting in fewer CCL2-producing cells, which then
reduces the recruitment of CCR2* cells in the CNS during EAE.

Monocytes Remaining in the CNS of Anti—CSF-1-Treated Mice Have
a Transcriptional Profile Consistent with a Prosurvival Phenotype.
Anti—-CSF-1 treatments depleted most (>80%) but not all mono-
cytes and monocyte-derived cells in the CNS of mice with EAE
(SI Appendix, Fig. S10 A and B). To identify transcriptional
changes that could have enabled some monocytes to persist
despite diminished CSF-1 signaling, we sequenced their tran-
scriptome after 6 d of treatment, a timepoint that correlated
well with maximal disease suppression (gating strategy shown in
SI Appendix, Fig. S94). There were 412 genes differentially
expressed between monocytes from anti-CSF-1- and control
MAb-treated mice (SI Appendix, Fig. S10 C and D). We utilized
the Database for Annotation, Visualization and Integrated Dis-
covery (DAVID) bioinformatics database (33) to identify gene
ontology (GO) and KEGG pathway terms that were significantly
enriched among the differentially expressed genes. Among GO
terms identified as significantly enriched, the largest percentage
of genes were involved in cell division (SI Appendix, Figs. S1I0E
and S9B). Among enriched KEGG pathways in these monocytes,
the module with the greatest number of genes was the PI3K-Akt
signaling pathway (S Appendix, Figs. S10F and S9C), which con-
trols proliferation (34). Among genes in this pathway, a number
of growth factor receptors and transcription factors were
up-regulated, including FltI (VEGFR), Myb, Kit, Pdgfrb, and
Fgfrl (SI Appendix, Fig. S10G). These data suggest that mono-
cytes in the CNS of anti-CSF-1-treated mice survive by
up-regulation of alternative growth factor receptors, which com-
pensate for diminished CSF-1R signaling.

BM-Derived Immune Cells Are Major Contributors to CSF-1R-
Dependent Pathology in EAE. Inhibition of CSF-1R signaling dur-
ing EAE, either by direct blocking of CSF-1R kinase activity or
by neutralizing CSF-1, diminished numbers of moDCs and
microglia, suggesting that disease suppression was due to
reduced numbers of one or both of these cell types. To further
test the role of CSF-1R signaling in monocytes and microglia in
EAE, we developed a genetic model for inducible CsfIr deletion
that circumvents the perinatal lethality of conventional CsfIr
knockout mice (35). We crossed UBC-CreERT2 mice (36) and
CsfIr"™ mice (37) to generate CSF1R-iKO mice with tamoxifen-
inducible Cre-mediated deletion of Csflr. Tamoxifen-treated
adult CSF1R-iKO mice had 70 to 100% reduced CSF-1R pro-
tein in Western blots of cell lysates from the spleen, dLN, and
CNS (SI Appendix, Fig. S114). Next, we treated CSF1R-iKO
mice with tamoxifen for 5 d and rested them for an additional 7
to 14 d before immunization to induce EAE. CSF1R-iKO mice
developed milder EAE than control mice, without a delay in
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disease onset (Fig. 6 A and B and SI Appendix, Fig. S11B). The
tamoxifen pretreatment led to sustained reduction of CNS
moDCs for the duration of observation (~30 d p..) (Fig. 6 C
and D). In contrast, microglia were initially efficiently depleted,
but by ~30 d p.i. microglia numbers had recovered to near nor-
mal. Nevertheless, microglia were substantially reduced at the
time of immunization and until disease peak (~ 20 d p.i.). Thus,
CSF1R-iKO mice enable efficient depletion of CSF-1R in adult
mice without the developmental defects present in conventional
CSF-1R knockout mice; the depletion of moDCs is longlasting,
whereas the depletion of microglia is transient.

To determine the relative contributions of CSF-1R signaling
in monocytes and microglia to EAE, we generated BM chime-
ras by reconstituting treosulfan-conditioned wild-type (WT)
and CSF1R-iKO recipient mice with either WT or CSF1R-iKO
BM. We used the BM-conditioning agent treosulfan because it
does not cross or affect the BBB, does not induce a cytokine
storm, nor does it enable engraftment of peripheral myeloid
cells into the CNS, as has been observed in irradiation-induced
BM chimeras (38). Preconditioning with treosulfan was highly
efficient for establishing chimerism, with >90% of peripheral
immune cells in chimera mice originating from donor BM (S7
Appendix, Fig. S11C). Following 8 wk of BM reconstitution,
mice were treated with tamoxifen to knockout CsfIr and then
immunized to induce EAE. Both WT and CSF1R-iKO mice
reconstituted with WT BM developed typical EAE, whereas
WT mice reconstituted with CSF1R-iKO BM developed attenu-
ated EAE, similar to CSF1R-iKO mice reconstituted with
CSF1R-iKO BM (Fig. 6F). These data show that BM-derived
cells are a major contributor to CSF-1R-dependent pathology
during EAE, whereas microglia play a less important role.

Lastly, we sought to understand the role of CSF-1R in sur-
vival of monocytes during EAE. We utilized mixed-BM chime-
ras generated by reconstitution of WT mice with WT and
CSF1R-iKO BMs (1:1). Reconstitution with 50% WT BM is
sufficient to drive the development of typical EAE (3). Indeed,
mice reconstituted with a mixture of WT and CSF1R-iKO BMs
and pretreated with tamoxifen developed EAE equivalent to
mice reconstituted with WT BM (Fig. 6F). In the CNS, we
found a lower frequency of CSF1R-iKO monocyte-derived cells
when compared to WT cells (Fig. 6G and SI Appendix, Fig.
S11D). These data suggest that CSF-1R signaling maintains
monocytic cells in the CNS during EAE.

DISCUSSION

We show that blocking CSF-1R, CSF-1, and IL-34 has differen-
tial effects on EAE. Overall, blocking either CSF-1R or CSF-1
resulted in suppression of clinical disease and diminished CNS
inflammation and demyelination. Notably, blocking CSF-1R
and CSF-1 produced distinct effects on the composition of
immune cells in the CNS during EAE. Numbers of microglia
and monocyte-derived cells were the most reduced by CSF-1R
inhibition. Treatment with BLZ945 depleted virtually all micro-
glia, whereas anti-CSF-1 treatment preferentially depleted
inflammatory microglia, reducing total numbers of microglia
similar to those in naive mice. Moreover, depletion of myeloid
cells in anti-CSF-1-treated mice was limited to CNS lesions
and adjacent areas, while gray matter microglia had a similar
appearance as naive mice. The notably lower microglia deple-
tion by anti-CSF-1 MAD than with BLZ945 did not result in
less effective disease suppression but rather improved long-
term therapeutic efficacy when compared to BLZ945 treat-
ment, suggesting that full therapeutic benefit can be achieved
without applying a maximally ablative approach. Limited deple-
tion of microglia by anti-CSF-1 MAb may therefore be advan-
tageous in MS therapy, as it carries fewer potential risks than
widespread microglia depletion likely would. Favoring a milder
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Fig. 5. Anti-CSF-1 treatment reduces lesion burden without depleting quiescent microglia. (A) Sudan black stained spinal cord sections from rat IgG- and
anti—CSF-1-treated mice with EAE euthanized on day 17 to 19 p.i. (n = 5 mice per group). Spinal cords were split into four pieces of equal length, and one
section from each piece is included in the analysis. (B) Degree of demyelination expressed as a percentage of demyelinated white matter. (C) Violin plot
showing demyelinating lesion size in rat IgG- and aCSF-1-treated mice. (D) Confocal microscopy of spinal cord sections stained with DAPI and Abs against
Iba1 and CD68 from rat IgG-, anti-CSF-1-, and BLZ945-treated EAE mice, and naive mice. (E) Representative images and quantification of cell density of
Iba1* and 1ba1"CD68" cells within lesions infiltrated with immune cells from rat IgG- and aCSF-1-treated mice. (F) Representative images and quantifica-
tion of cell density of Iba1™ and lIba1"CD68" cells within a 100-um-wide area surrounding lesions infiltrated with immune cells. (G) Representative images
and quantification of cell density of Iba1™ and Iba1*CD68* cells in gray matter of rat IgG- or aCSF-1-treated and naive mice (all Scale bars, 100 pm).
For (E and F), individual lesions from five mice per group are analyzed. Significance was calculated with unpaired Student’s t test. Error bars are SEM.
Significance for comparisons between more than two groups was calculated by one-way ANOVA.
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approach for depletion of myeloid cells is supported by a finding
that PLX5622, a commonly used inhibitor of CSF-1R kinase
activity, in addition to depleting microglia, also causes long-term
and widespread systemic changes to myeloid and lymphoid com-
partments (39). It is likely that other small molecule inhibitors of
CSF-1R, including BLZ945, induce similar changes, whereas
blocking CSF-1 would induce fewer systemic changes because of
compensatory IL-34 signaling and more restricted tissue distri-
bution of the MAb compared to small molecule inhibitors, as
exemplified by our findings in the CNS. For example, other
organs with blood barriers, such as testes, eye, and thymus, all of
which express CSF-1R (40), would likely be less affected by
anti—-CSF-1 MAD than a small molecule inhibitor.

The limited microglia depletion by anti-CSF-1 MAb is likely
due to the presence of IL-34 in noninflamed CNS areas, where
it maintains homeostatic microglia survival. Indeed, it has been
shown that systemic injections of anti-CSF-1 MAb do not
deplete microglia (41). This is consistent with studies showing
that IL-34 accounts for ~70% of CSF-1R signaling in healthy
brain (9) and that anti-CSF-1 MAb is unlikely to penetrate
into the normal CNS parenchyma, as only a miniscule fraction
of Abs crosses the intact BBB (6, 13). Thus, it is expected that
neutralization of CSF-1 in the CNS occurs primarily in active
lesions, where the BBB is leaky, resulting in localized depletion
of inflammatory myeloid cells. This is analogous to the role of
CSF-1R ligands in the skin, where IL-34 maintains Langerhans
cells in steady state. However, during skin inflammation, IL-34
becomes dispensable, as infiltrated immune cells produce CSF-1
and maintain/expand numbers of Langerhans cells (25). It
should be noted, however, that CSF-1R signaling is not in itself
inherently proinflammatory by eliciting inflammatory phenotype
in myeloid cells but can have such a net effect by simply main-
taining their survival during inflammation. In fact, in the absence
of inflammation, CSF-1R signaling induces an immunosuppres-
sive/homeostatic M2 phenotype in macrophages and a resting/
quiescent phenotype in microglia (8, 9). Hence, our observations
on blockade of CSF-1R signaling in EAE are the net effect of
abrogating both pro- and antiinflammatory functions of CSF-1R
signaling, with the proinflammatory ones predominating.
Together, our findings suggest that CSF-1 promotes inflamma-
tion in EAE by expansion of microglia and monocyte-derived
myeloid cells, whereas IL-34 maintains microglia in noninflamed
CNS areas, similar to the healthy CNS.

Our data suggests that IL-34 does not play a significant role
in EAE pathology. This can be explained by notably more wide-
spread and abundant expression of CSF-1 compared with
IL-34 (42). It is likely that in most cases, CSF-1 can therefore
compensate for lack of IL-34. This interpretation is supported
by a study demonstrating that CSF-1 in inflamed sites becomes
the dominant CSF-1R ligand, even in tissue (skin) where 1L-34
but not CSF-1 is expressed in steady state (25). Thus, although
our data suggest that blockade of IL-34 with MAb may have
been incomplete due to the development of anti-rat IgG
responses, it is probable that abundantly produced CSF-1 in
CNS lesions mediates most CSF-1R signaling and that block-
ade of IL-34 therefore does not have an effect on EAE.

Anti-CSF-1 and BLZ945 treatments differed in that
BLZ945 delayed the onset of clinical disease, whereas
anti-CSF-1 MAD did not. This may be due to the greater
capacity of BLZ945 to inhibit CSF-1R signaling because
BLZ945 simultaneously blocks the actions of both CSF-1 and
IL-34. In line with this concept, priming of encephalitogenic T
cell responses in the periphery was more suppressed by
BLZ945 than by anti-CSF-1 MAD, suggesting that IL-34 can
compensate for the lack of CSF-1. Indeed, IL-34 is expressed
in peripheral lymphoid organs (43) and therefore could, at least
in part, substitute for the lack of CSF-1 signaling in anti-CSF-
1-treated mice. This is substantiated by a greater degree of
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depletion of CD11b* cells, including monocytes, in the periph-
ery during BLZ945 treatment when compared to anti—-CSF-1
treatment. However, IL-34 has immunoregulatory functions
(21), and it is not clear that its net effect on the magnitude of
encephalitogenic immune response during anti-CSF-1 treat-
ment is substantially proinflammatory. Given that BLZ945
readily enters the uninflamed CNS, it is able to deplete CSF-
1R-dependent CNS-resident myeloid cells needed for initiation
and amplification of CNS inflammation, thus precluding/delay-
ing onset of clinical disease. We hypothesize that this is the
more important reason for delayed disease onset rather than
diminished myelin-specific T cell responses. In support of this
hypothesis, mice with EAE treated with anti-CSF-1R MAD
had only a modest delay in disease onset, despite presumably
similar effects in the periphery as BLZ945. Anti-CSF-1R
MAbs would also be unable to cross the BBB and predeplete
APCs in the CNS (44). This supports the view that depletion of
CNS APCs by BLZ945 is the main reason for prolonged delay
in disease onset. Similar to anti-CSF-1R, anti-CSF-1 does not
cross the intact BBB and does not predeplete CNS APCs (41),
which makes them available to initiate CNS inflammation.
Hence, in contrast to BLZ945, anti-CSF-1 MAb can suppress
already ongoing disease but not delay its development.

We also found that prophylactic treatment with BLZ945
resulted in worse overall outcomes when compared to thera-
peutic treatment. Despite a delay in disease onset, prophylacti-
cally treated mice eventually developed disease nearly as severe
as control mice. By contrast, mice with EAE treated therapeuti-
cally with BLZ945 had sustained disease suppression. This may
be explained by differences in myeloid cell composition caused
by predepletion of CNS myeloid cells before initiation of CNS
inflammation. Indeed, some myeloid cells, specifically micro-
glia, have been found to persist, or even expand, during CSF-
1R inhibition and to cause demyelination (45). The mechanism
whereby microglia (and possibly other myeloid cells as well)
become independent of CSF-1R signaling is unknown, but it
has been proposed that CSF-2 and/or TREM-2 signaling can
substitute for the CSF-1R signaling during inflammation (46,
47). However, it is unclear why during CSF-1R inhibition
started after disease onset there is no exacerbation of disease
and why, similarly, during anti—-CSF-1 treatment there is no dis-
ease exacerbation. It appears that the overall effect of CSF-1/
CSF-1R inhibition results from a complex interplay between
multiple cell types (monocytes, macrophages, microglia, neu-
rons, DCs, and T cells) that express CSF-1R, which is further
complicated by IL-34 signaling. Findings by our group and
others show that the role of CSF-1/IL-34/CSF-1R axis in
inflammation is complex and has yet to be fully elucidated.

Our in vitro studies with BMDCs show that the primary
effect of CSF-1R inhibition is limiting the number of myeloid
DCs in these cultures rather than affecting their APC func-
tions. These data are consistent with a body of literature
showing that CSF-1R signaling in myeloid cells chiefly pro-
vides proliferative and antiapoptotic signals for maintenance
of the population size (17). This concept is exemplified by
differences between animals lacking CSF-1 and IL-34, in
which CSF-1 knockout mice have reduced numbers of osteo-
clasts and monocytes but only a modest reduction in micro-
glia (15). In contrast, IL-34 knockout mice have greatly
reduced numbers of microglia and Langerhans cells but
largely normal numbers of other tissue-resident macro-
phages (15). Thus, CSF-1R inhibition is likely to suppress
inflammation in EAE by reducing the population size of
inflammatory myeloid cells in the CNS.

Transcriptional profiling of monocytes that remained in the
CNS after anti—-CSF-1 treatment suggests that they avoid death
via up-regulation of growth factor receptors known to promote
myeloid cell survival, including Kit (48). Notably, up-regulation
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Fig. 6. BM-derived immune cells are the major contributors to CSF-1R-dependent pathology. (A) Comparison between vehicle- (n = 7) and tamoxifen-treated

(n = 17) Csf1r"" mice and tamoxifen-treated CSF1R-iKO mice (n = 12). (B) Quantification of cumulative score from (C). Significance for clinical course deter-
mined by two-way repeated measures ANOVA and by unpaired Student'’s t test for cumulative scores. (C) Time course showing numbers of microglia and (D)
moDGs in tamoxifen-treated Csf1r"! and CSF1R-iKO mice. Significance was calculated by unpaired Student’s t test. (E) WT and CSF1R-iKO mice were treated
with treosulfan and received 107 WT or CSF1R-iKO BM cells. After 8-wk reconstitution, mice were treated with tamoxifen and immunized for EAE. The Right
panel shows clinical course of EAE. Numbers of mice per group were 4, 5, 5, and 3 for group listed in legend from Top to Bottom. (F) Mixed BM chimera experi-
ments. BM was ablated with teosulfan, then equal numbers of WT and CSF1R-iKO BM cells were cotransferred to recipients (total cell number transferred =
107 cells/mouse) via i.v. injection. After reconstitution period, mice were treated with tamoxifen, rested, and then immunized for EAE induction. Significance
for BM chimera experiments was calculated by two-way repeated measures ANOVA. (G) Quantification of frequency of monocyte-derived APCs among CD11b™*

cells from mixed BM chimeras in (F). Significance was determined by two-tailed paired Student’s t test.

of these genes has been reported in myeloid cell cancers
(49-53). However, a number of questions regarding these sur-
viving monocytes remain, such as the following: are they a nor-
mally present subpopulation among CNS monocytes, or were
they induced by neutralization of CSF-1; do they eventually
succumb to early death compared to monocytes that have been
receiving CSF-1R signaling; do all monocytes lacking CSF-1R
signaling acquire this phenotype before death; and, what is the
capacity of the surviving monocytes to perpetuate inflamma-
tion? It is possible that the altered phenotype of surviving
monocytes is less proinflammatory because of diminished effec-
tor functions, such as cytokine and chemokine production.
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Our in vivo studies indicate an additional mechanism of
EAE suppression by inhibition of CSF-1R signaling, namely,
reduced recruitment of immune cells to the CNS. We found
reduction in numbers of both CCL2- and CCR2-expressing
cells when mice were treated with BLZ945 or anti-CSF-1
MAD. Most cells that expressed CCL2 and CCR2 were mono-
cytes/moDCs, which suggests a model whereby monocytes that
infiltrate the CNS produce CCL2, thus amplifying inflammation
by further recruitment of CCR2-expressing cells. Given that
CSF-1R signaling in monocytes/macrophages induces CCL2
expression (31, 32), this suggests that its blockade reduces CNS
inflammation by two mechanisms: 1) by reducing numbers of
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cells that produce CCL2 and 2) by reducing CCL2 production
from surviving cells, which together amounts to greatly dimin-
ished CCL2 levels in the CNS during EAE. This is consistent
with an essential role of CCL2 and CCR2 in EAE, since inter-
ventions that affect them attenuate disease (54, 55). It is also
possible that in addition to monocytes, reduction in CCL2
directly affects recruitment of pathogenic CCR2* Th cells to
the CNS, given a report that CCR2 drives their recruitment to
the CNS (54). Taken together with our result showing reduced
GM-CSF and IL-1p production in the CNS, it is likely that
CSF-1R inhibition suppresses EAE by depleting CCL2- and
IL-1B- expressing APCs. IL-1p has an essential role in EAE (3,
28) by acting on CD4" T cells to promote their proliferation
and GM-CSF production. GM-CSF is also essential to EAE
development by acting on monocytes to induce their proinfla-
mmatory phenotype and IL-1p production, thus completing a
positive feedback loop that sustains inflammation (56). Inhibi-
tion of CSF-1R signaling likely interrupts this proinflammatory
feedback loop, resulting in EAE suppression.

To determine the relative contributions of CSF-1R signaling
in monocytes and microglia to EAE, we developed CSF1R-iKO
mice. Our BM chimera experiments indicate that a lack of
CSF-1R signaling in BM-derived cells, rather than in CNS-
resident cells (e.g., microglia), is responsible for the EAE sup-
pression. However, the transient nature of microglia depletion
in CSF-1RiKO mice prevents us from concluding that microglia
are entirely dispensable for EAE development. Our experi-
ments with mixed BM chimeras support the view that CSF-1R
functions as a growth factor receptor for monocytes and their
progeny (5-7). However, it is worth noting that treating WT
mice with BLZ945 induced more profound reduction in CNS
moDCs than in mixed BM chimeras. This may be explained by
the presence of WT monocytes in mixed BM-chimeras, which
are able to produce CCL2 and therefore maintain recruitment
of monocytes into the CNS. This is consistent with a model in
which CSF-1R signaling maintains numbers of monocytes and
cells that differentiate from them by promoting their survival/
proliferation but also by potentiating their recruitment into the
CNS via CCL2 production, which are both reported functions
of CSF-1R (6, 7, 31, 32).

Therapies using anti-CSF-1 MAb and small molecule inhibi-
tors of CSF-1R have been tested in multiple clinical trials for
autoimmune and oncological diseases (57, 58). These trials
have demonstrated that blockade of CSF-1/CSF-1R is well tol-
erated by patients (59). Targeting CSF-1/CSF-1R in MS has not
been tested, but agents used in trials for other diseases would
likely be suitable for testing in MS. Moreover, because CSF-1R
signaling is not required by myeloid progenitors residing in the
BM or CNS (for microglia) (17, 60), the effects of these treat-
ments would be largely reversible. Indeed, there is complete
repopulation of microglia within 1 wk after cessation of treat-
ment with CSF-1R inhibitors (60). A treatment modality can be
envisioned whereby blocking CSF-1R signaling for therapy of
MS would follow an intermittent regimen, given for a period of
time, instead of continuously. Thus, as a potential therapy for
MS, targeting CSF-1/CSF-1R offers several advantages, includ-
ing the potential of being readily translatable to clinical testing
with already existing therapeutic agents.

Given that increased risk of progressive multifocal leukoen-
cephalopathy (PML) via John Cunningham (JC) virus activa-
tion has been an issue for some MS therapies, the safety of
CSF-1/CSF-1R targeting therapies for MS treatment will need
to be thoroughly explored. Neutralization of CSF-1 during
Listeria monocytogenes infection in mice has been shown to
increase susceptibility to a certain extent but only during high
colony forming unit (c.f.u.) iv. infection, which mimics severe
infection (61). In contrast, moderate c.f.u. infection did not
result in increased susceptibility. Moreover, CSF-1R inhibition
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also increased susceptibility to West Nile Virus infection in
mice (62), and CSF-1 production by yd T cells has been shown
to prevent recurrence of malaria infection in mice (63). These
findings in mice suggest that targeting CSF-1/CSF-1R may
increase risk for infections, but only long-term studies in MS
patients would determine if that is the case. However, the safety
of CSF-1/CSF-1R targeting agents has been thoroughly
explored in the oncological setting in humans (59). Most
adverse events were relatively mild and associated with a (typi-
cally) transient increase in liver enzymes caused by partial
depletion of Kupffer cells (59). CSF-1/CSF-1R targeting agents
are Food and Drug Administration-approved therapies for
tenosynovial giant cell tumors (64). In these cancers, the most
serious adverse events (although rare) were also associated
with liver toxicity. Thus, although further exploration in autoim-
munity is needed, it is likely that these drugs will have a similar
safety profile in MS.

In conclusion, blocking CSF-1R signaling ameliorates EAE
by depleting inflammatory APCs in the CNS. MS therapy with
anti-CSF-1 MAb could be a preferred approach because,
unlike small molecule inhibitors of CSF-1R, it preserves quies-
cent microglia and their homeostatic functions as well as other
IL-34 functions, such as maintenance of Langerhans cells. Lim-
ited depletion of microglia by anti-CSF-1 treatment, however,
does not diminish its therapeutic effect compared to BLZ945
treatment. Reducing CSF-1R signaling via neutralization of
CSF-1 could therefore be a strategy for therapy of MS.

Materials and Methods

Detailed descriptions for all procedures are available in S/ Appendix.

Mice and EAE Induction. Mice used in this study were on C57BL/6) genetic
background. All experimental procedures were approved by the Institutional
Animal Care and Use Committee of Thomas Jefferson University. CSF1R-iKO
mice were generated by breeding UBC-CreERT2 (The Jackson Laboratories,
Stock No. 007001) with Csf1r'™ mice (The Jackson Laboratories, Stock No.
021212). CD45.1 mice (B6.SJL-Ptprca Pepcb/BoyJ, Stock No. 002014) were
obtained from The Jackson Laboratories. EAE was induced by immunization
with 200 pg MOGss s5 peptide (Genscript) in complete Freund's adjuvant and
scored as previously described (65).

In Vivo Treatment. BLZ945 (Selleck Chemicals and MedChemExpress) was pre-
pared in 20% captisol and mice were treated with 4 to 6 mg/d by oral gavage.
Recombinant CSF-1 (4 pg/dose; R&D Systems) was given to EAE mice by i.p.
injection. All MAb treatments were also given by i.p. injection. Prophylactic
treatments with anti-CSF-1 (200 pg/dose; clone: 5A1; Bio X Cell) started on day
0 p.i. and were given every other day until disease onset, when dosing was
changed to every day. In therapeutic treatments, MAb was given every day,
starting on days indicated in figures, for the duration of acute phase of the
disease (typically days 11 to 25 p.i.), then switched to every other day. Control
1gG1 (Clone: HPRN; Bio X Cell) were used to treat control mice. Mice were
treated prophylactically with anti-IL-34 MAb (100 pg/dose; Clone: 780310;
Novus Biologicals) every other day. For mice treated therapeutically with
anti-IL-34 MAb, mice were treated after onset of disease with 55 pg/d i.p.
Anti-CSF-1R MAb (400 pg/dose; Clone: AFS98; Bio X Cell) was given every
other day. For anti-IL-34 and anti-CSF-1R MAbs, experiments, control IgG2A
(Clone: 2A3; Bio X Cell) were given to control mice. For tamoxifen treatment
via i.p. injection, 2 mg tamoxifen was injected per day for a total of five injec-
tions. Mice were then rested for 14 to 21 d before further manipulation. For
tamoxifen treatment via oral gavage, mice were treated five times with 5 mg
tamoxifen per day, then rested for 7 d.

Data Availability. All study data are included in the article and/or supporting
information.
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