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Cxcl10* monocytes define a pathogenic subset in
the central nervous system during autoimmune

neuroinflammation

Amir Giladi

16, Lisa Katharina Wagner?%, Hanjie Li', Dorothea D6rr?, Chiara Medaglia’,

Franziska Paul', Anat Shemer', Steffen Jung©, Simon Yona3, Matthias Mack*, Achim Leutz®25,

2,6 D4

Ido Amit ®'¢2<2 and Alexander Mildner

Multiple sclerosis (MS) is characterized by pathological inflammation that results from the recruitment of lymphoid and
myeloid immune cells from the blood into the brain. Due to subset heterogeneity, defining the functional roles of the various
cell subsets in acute and chronic stages of MS has been challenging. Here, we used index and transcriptional single-cell sorting
to characterize the mononuclear phagocytes that infiltrate the central nervous system from the periphery in mice with experi-
mentally induced autoimmune encephalitis, a model of MS. We identified eight monocyte and three dendritic cell subsets at
acute and chronic disease stages in which the defined transcriptional programs pointed toward distinct functions. Monocyte
specific cell ablation identified Cxc/10* and Saa3+ monocytic subsets with a pathogenic potential. Transfer experiments with
different monocyte and precursor subsets indicated that these Cxcl/10* and Saa3+ pathogenic cells were not derived from Ly6C+
monocytes, but from early myeloid cell progenitors. These results suggest that blocking specific pathogenic monocytic subsets,
including Cxcl10* and Saa3* monocytes, could be used for targeted therapeutic interventions.

most mammalian species’. Mouse Ly6C~ monocytes (or

CD14°CD16" monocytes in humans) patrol blood vessels
and orchestrate the removal of damaged endothelial cells”. Mouse
Ly6C* monocytes (or human CDI4"CD16"° monocytes) are
equipped with chemokine receptors that allow their egression from
the circulation into various tissues, where they can give rise to a
large variety of monocyte-derived cells with distinct functions®. The
idea that circulating Ly6C* monocytes can differentiate into various
cell subsets was challenged by single-cell analysis, which pointed
out the cellular heterogeneity of Ly6C* monocytes* and the exis-
tence of different Ly6C* monocyte subsets with potentially distinct,
predetermined functions’. Specifically, Ly6C* monocytes preferen-
tially differentiated into iNOS-producing monocyte-derived cells
B during Listeria infection, while Ly6C+MHCII+Cd209a mono-
cytes acquired a dendritic cell (DC)-like phenotype after colony
stimulating factor 2 (CSF2) or lipopolysaccharide (LPS) exposure®.
Emergency generation of distinct monocyte subsets might depend
on the inflammatory stimulus. Thus, it was proposed that LPS
promotes the development of monocytes from granulocyte-mono-
cyte progenitors (GMPs), while CpG DNA triggers monopoiesis
from monocyte-dendritic cell progenitors (MDPs)°. These data,
in conjunction with a recent report that shows that monocytes
develop from GMPs rather than from MDPs under physiologi-

. . v o .
Q) _I wo main populations of monocytes have been described in

cal conditions’, indicate that our understandlng of monopoiesis is
1ncomplete

MS and its model in mice, experimental autoimmune ence-
phalomyelitis (EAE), are autoimmune disorders in which auto-
reactive T cells recognize myelin peptides and infiltrate the

central nervous system (CNS). Monocytes expressing the chemo-
kine receptor CCR2 were identified as main drivers of EAE patho-
genesis. Genetic depletion of CCR2* monocytes leads to resistance
to EAE, while the antibody-mediated depletion of monocytes
reduces clinical symptoms in mice® . CSF2 also critically contrib-
utes to the development of pathological myeloid cells'"'%. Ly6C*
monocyte-derived cells gain expression of CD1lc (encoded by
Itgax) and MHCII-related genes in the inflamed CNS. This has been
interpreted as a sequential differentiation program’ but, alterna-
tively, different monocyte subsets could give rise to distinct progeny
on infiltration.

Here, we have characterized the cellular composition of mono-
nuclear phagocytes infiltrating the inflamed spinal cord in mice
with EAE by massively parallel single-cell RNA-seq (MARS-
seq)". We analyzed the acute and chronic stages of the disease and
identified several molecularly distinct myeloid cell subsets. Some
of these subsets were restricted to either the acute or chronic
phase, supporting the idea that monocyte subsets can differentiate
locally from one subset to the other as suggested previously'*".
By taking advantage of a peripheral monocyte depletion strategy®,
we identified two transcriptionally related monocyte subsets,
namely Cxcl10* and Saa3* cells, with pathogenic potential in
the spinal cord. Depletion of these cells correlated with reduced
clinical symptoms. These subsets were mainly derived from mono-
cytic precursor cells, and were independent of classical Ly6C*
monocytes. These results define a molecular road map of myeloid
subset differentiation in MS pathogenesis, and may help unveil
precise molecular avenues to modulate myeloid pathogenesis in
the CNS.
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Results

Mononuclear phagocyte diversity in the inflamed CNS. To inves-
tigate the mononuclear phagocyte diversity in MS, we immunized
wild-type C57Bl/6 mice with myelin oligodendrocyte glycoprotein
peptide (MOG;; 55) to induce EAE. Animals were analyzed during
the acute phase (day 16 postimmunization (PI); mean EAE score
2.9) and the chronic phase (day 30 PI; mean EAE score 2.2) of the
disease (Fig. la). To specifically profile negative hematopoietic
stem-cell-derived mononuclear phagocytes, we sorted CD11b* cells,
and excluded Ly6G™ cells (neutrophils) and CX,CR1MCD44" cells
(microglia™®) (Fig. 1b). We combined MARS-seq"* with single-cell
index sorting of Ly6C and MHCII to simultaneously measure the
transcriptional and protein expression of individual cells. Analysis
of 2,925 cells that passed the quality control (Extended Data Fig. 1)
divided the data into 55 groups of cells (metacell)'”'®. A direct com-
parison of the metacell results with other algorithms such as Seurat"’
indicated a high concordance between the clusters (Extended Data
Fig. 2a). To assign metacells to distinct cell types or activation
states, we performed correlation analysis and identified ten broad
transcriptional states, some of which were transcriptionally related
(Fig. 1c,d and Extended Data Fig. 2b). Each of these ten transcrip-
tionally distinct myeloid subsets showed a distinct gene expression
program (Fig. le), as well as differences in the expression of Ly6C
and MHCII surface proteins (Fig. 1f). Ly6c2*Sell*Ccr2* cells were
identified as the Ly6C* monocyte subset, while Nr4al*Pparg® cells,
detected at a much lower frequency, were identified as Ly6C~ mono-
cytes (Fig. le and Extended Data Fig. 2¢). Proliferation-associated
genes such as Mki67, Ccna2 and Ccnb2 were specifically expressed
in a fraction of Ly6C* monocytes. We also identified a cluster of
microglial cells that expressed Fcrls, Salll and TmemlIl19, and a
small cluster of classical DC (cDC) defined by expression of Flt3,
Xcrl and Zbtb46 (Fig. 1d,e). High expression of genes that belong
to type I interferon (IFN) pathway such as Ifitl, Ifit2, Ifit3, Uspl8
and Irf7 were evident in Ifit2* monocytes (Fig. 1d,e). Most of the
remaining cells (1,810 cells, 62%) exhibited expression patterns dis-
tinct from that of steady-state myeloid cells and did not conform to
known monocyte or macrophage populations (Fig. 1d,e), suggest-
ing the existence of alternative activation or differentiation states in
the infiltrating mononuclear phagocytes. Two macrophage subsets
expressed Argl, Apoc2 and Clgb and were designated as Argl* mac-
rophages I and II. Another macrophage cluster was characterized
by expression of Nos2, Gpnmb, Argl and Fabp5 and was defined as
Nos2* macrophages, while two populations that expressed inflam-
matory genes such as Saa3, Plac8 and Gbp2, or Cxcl9, Cxcl10 and
I11b were designated as Saa3* and Cxcl10" monocytes, respectively
(Fig. le and Extended Data Fig. 2b). All monocyte or macrophage
subsets equally expressed Ccr2 and Ly6¢2, while expression of Cd74
transcripts was restricted to the ArgI* and Nos2* subsets (Fig. 1g). In
contrast, Csf2rb (encoding the common signaling f chain of CSF2
receptor) was highly expressed in Cxcl10" monocytes compared to
the remaining cells (Fig. 1g). The complete list of gene expression
for each metacell cluster can be found in Supplementary Table 1.

To gain more information on the functions of these subsets,
we performed gene-ontology enrichment analysis on the 60 most
differential expressed genes from each group (Extended Data
Fig. 2d,e and Supplementary Table 2). We identified a strong pro-
inflammatory and pathogenic signature, defined as ‘positive regu-
lation of cytokine production and response to IFN-y and LPS’ in
the Saa3* and Cxcl10* monocyte clusters (Extended Data Fig. 2e).
Type I IFN responses were specific to the Ifit2* monocyte cluster,
while Ly6C* monocytes were enriched for nuclear division path-
ways (Extended Data Fig. 2e), in accordance with their expression
of cell cycle genes. The remaining macrophage clusters, comprising
Argl* and Nos2* macrophages, as well as microglia, were enriched
for receptor-mediated endocytosis, regulation of vasculature devel-
opment, wound healing and tissue remodeling processes (Extended
Data Fig. 2e). Our data indicate that at least ten molecularly distinct
myeloid populations are present in the CNS of mice with EAE.

CNS-infiltrating monocytes do not express Zbtb46 during EAE.
At steady-state, Zbtb46 is exclusively expressed in cDC***', while
monocyte-derived cells can induce expression of Zbtb46 in vitro
when cultured with CSF2 and interleukin 4 (IL-4)*. To test whether
monocyte-derived cells acquired expression of Zbtb46 during EAE,
we immunized Zbtb46-GFP mice, which carry a green fluorescent
protein (GFP) reporter under the control of the Zbtb46 gene®*”,
with MOG;; ;s and analyzed mice at the peak of disease (day 15 P1I,
mean EAE score 2.7) and during the chronic phase (day 30 PI, mean
EAE score 2.2; Extended Data Fig. 3a). We sorted at these two time
points spinal cord-infiltrated CD11b* cells, excluding Ly6G* neutro-
phils and CX;CR1"CD44" microglia, that express GFP (Extended
Data Fig. 3b). Most Zbtb46-GFP* cells (1,056 cells, 82%) could be
assigned to the DC cluster (Extended Data Fig. 3c—e), indicating
that expression of Zbtb46 was largely restricted to the ¢cDC lineage
in vivo. These data suggested that the composition of cDCs, based
on the transcriptome, was more uniform than that of macrophages
and monocytes and most of the monocyte-derived cells such as
ArgI* and Nos2* macrophages, Saa3*, Cxcl10* and Ifit2* monocytes
do not induce expression of Zbtb46 after tissue infiltration in EAE.

Acute and chronic EAE stages show distinct infiltration patterns.
The composition of myeloid cells in the CNS during the course of
EAE pathogenesis varies'*'. To examine whether all ten myeloid
cell clusters that we identified (Fig. 1d) emerged during the acute or
chronic stages of disease, we examined the kinetics of each identi-
fied metacell cluster during these EAE stages (data for Zbtb46-GFP*
cell composition during acute and chronic stages can be found in the
Extended Data Fig. 4). We detected a significant i:ncrease of Cxcl10*
monocytes during disease progression, from 8.8% in the acute phase
to 21.2% in the chronic stage (Fig. 2b). We also found that the Argl*
macrophage I subsets diminished during the course of disease, from
28.9% in the acute phase to 5.4% in the chronic phase, while Nos2*
macrophages increased during chronic disease stages (from 16.5%
in acute to 27.8% in chronic stage, Fig. 2a,b). Correlation analysis

>
>

Fig. 1| An atlas of mononuclear phagocytes in the inflamed CNS. a, Time-course of experimentally induced EAE in C57BL/6 mice after immunization with
the MOGs;_¢; peptide. Shown is the mean clinical score +s.e.m. n=5 mice for acute and n=6 for the chronic phase. b, Mean fluorescence intensity of Ly6C
and MHCII on CD45+*CD11b*Ly6G+*CD44" cells. Red squares indicate sorted cells. €, Correlation analysis of the expression profiles of 2,925 infiltrated
myeloid cells clustered into 55 distinct metacells according to their transcriptomic similarities. The size of the clusters in the correlation analysis is
normalized and does not reflect the actual number of cells present in each cluster. Quality controls are shown in Extended Data Fig. 1and pairwise analysis
in Extended Data Fig. 2b. The color bar below indicates the ten main myeloid subsets based on correlation analysis. d, Two-dimensional projection of the
metacell model of 2,925 isolated cells”“'. Gray dots indicate additional Zbtb46* cells introduced in Extended Data Fig. 3. e, Heatmap of the main signature
genes per cluster in d. Full list of gene expression is presented in Supplementary Table 1. f, Index sorting tracks of recorded mean fluorescence intensity of
Ly6C and MHCII protein expression of the cells in e. Red dots indicate cells isolated during the acute phase, while blue dots indicate cells from the chronic
phase. g, Expression of genes in the cells in e. Cells are colored by their subset identity, as in d. Shown are UMIs per cell. For the experiments in a-g, we
pooled n=5 animals for acute and n=6 for the chronic phase. The experiment was repeated twice with similar results.
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already indicated that Nos2* and the ArgI* subsets were transcrip-  rophages accordingly, which indicated that genes such as Clec7a,
tionally related (Fig. 1c and Extended Data Fig. 2b). We performeda  Lgals3, Cxcl9 and Cxcl16 were significantly upregulated in Nos2*
differential gene expression analysis between Nos2* and Argl* mac-  cells compared to Argl*™ macrophages (Fig. 2c). Argl itself is highly
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Fig. 2 | Temporal resolution of mononuclear phagocyte infiltrates in the acute and chronic stages of EAE. a, Projection of nonneutrophilic, nonmicroglial
myeloid cells from Fig. 1 according to their time point of isolation. n=1,373 cells from acute (left) and 1,524 cells from chronic (right) EAE stages.

b, Cell distribution of mononuclear phagocytes at the acute and chronic stage of EAE. Cells are grouped by metacells and colored by the ten identified
cell populations. Note the reduction of the ArgT* macrophage | subset at the chronic stage (P <107°; false discovery rate, adjusted Fisher's exact test),
while Nos2-expressing cells increased during chronic disease stages (P< 107, false discovery rate, adjusted Fisher's exact test). ¢, Differential gene
expression between Nos2* macrophages and Argl* macrophages |. Values represented log-transformed normalized expression. For the experiments
depicted in a-c we pooled n=5 animals for acute and n=6 for the chronic phase. The experiment was repeated twice with similar results.

expressed in both subsets and was not significant differentially
expressed between Nos2* and Argl* macrophages and therefore is
not a specific marker for Argl* macrophages.

Collectively, the close transcriptional relationship between Argl*
and Nos2* macrophages suggested that these subsets are interrelated
and that Nos2* macrophages differentiate from ArgI* cells.

Cxcl10* and Saa3* monocytes are specifically depleted in the
inflamed CNS after anti-CCR2 treatment. We next investigated
whether the mononuclear phagocyte populations characterized
by high expression of Ccr2 (Fig. 1f) contributed to tissue damage
during EAE pathogenesis. Antibody-mediated depletion of circu-
lating CCR2* immune cells by CCR2 antibody (MC21) injection
reduces clinical symptoms in mice with EAE**. To evaluate MC21
injection efficiency, we treated mice with EAE from day 16 PI with
daily injections of 50 pg MC21 or rat IgG2b antibodies for 6 con-
secutive days. When analyzed at day 21 PI, MC21-injected mice
showed significant: clinical improvement, evident by lower EAE
scores, compared to mice treated with isotype antibodies (Extended
Data Fig. 5a), indicating the efficiency of treatment with CCR2 anti-
body. However, to identify which CCR2* monocyte subset carried
potential pathogenic activity, we used a short-term treatment with
MC21 to prevent additional, bystander effects potentially induced
by long-term monocytes depletion. Therefore, we injected mice at
the peak of disease (day 16 PI, mean EAE score, 3) with 50 pg of
MC21 (ref. **) or rat IgG2b antibodies once a day for 2 consecutive
days. Flow cytometry analysis indicated the complete depletion of
circulating Ly6C* monocytes (Fig. 3a) and Ly6C*MHCII* mono-
cytes (Extended Data Fig. 5b) in the blood of MC21-treated, but not
IgG2b-treated mice at day 18 PI, while Ly6C" monocytes or other
cells, such as splenic CD11cM"MHCII* ¢DC1 or ¢cDC2 subsets and
FoxP3* regulatory T cells (T, cells) were not affected (Fig. 3a and
Extended Data Fig. 5¢,d). We observed clinical improvements after
the two MC21 injections compared to IgG2b-treated mice (Fig. 3b
and Extended Data Fig. 5e). However, flow cytometry analysis using
Ly6C and MHCII as surface markers, did not identify any changes in
the frequency of Ly CrMHCII-, Ly6C*MHCII* and Ly6C-MHCII*
myeloid cell subsets (Fig. 3¢). As such, we used écRNA—seq to profile
specific myeloid subsets in the CNS of MC21- and IgG2b-treated
mice at day 18 PI. Comparison of the most differentially expressed

genes in these two conditions indicated that inflammatory genes
such as I11b, Cxcl10, Ifi47 and Irfl were strongly under-represented
in the MC21-treated group (Fig. 3d), which could reflect their
slightly improved health condition. To identify the origin of this
pro-inflammatory signature, we isolated CD11b*Ly6G-CD44"h
myeloid infiltrates from MC21- (433 cells) and isotype-treated (442
cells) mice and projected the single-cell transcriptomes onto our ref-
erence dataset (Fig. 1d and see Methods). We detected all myeloid
subsets in isotype-treated mice including Ly6C* and Ly6C~ mono-
cytes, Argl* and Nos2* macrophages, cDCs, microglia-like cells and
Saa3* and Cxcll10* monocytes. When we compared the infiltra-
tion pattern of isotype-treated mice with MC21-treated mice, we
observed that the Saa3* and Cxcl10* clusters were almost absent in
the spinal cords of the MC21-treated mice (Fig. 3e,f). Similar results
were obtained in an independent MC21-depletion experiment fol-
lowed by scRNA-seq analysis, which was performed in a different
mouse facility (Extended Data Fig. 5e-g). In summary, CCR2 anti-
body-mediated cell depletion achieves long-term alleviation of EAE
symptoms, and is characterized by short-term specific depletion of
Saa3* and Cxcl10* monocyte subsets in two independent experi-
ments. These results highlight Cxcl10* cells as a unique cell popula-
tion involved in pathological processes in the CNS of EAE mice.

Cxcl10" monocytes are involved in CNS tissue damage. To test
whether the loss of Cxcl10* and Saa3* monocytes caused the attenu-
ation of clinical symptoms in the MC21-treated mice either through
the induction of transcriptomic changes in other immune cells or,
alternatively, by affecting the cellular composition of the cells infil-
trating the CNS, we performed MARS-seq on 2039 CD45*Ly6G~
nonneutrophilic leukocytes infiltrating the CNS in MC21- and
IgG2b-treated mice. Metacell analysis followed by annotation
according to marker gene expression identified naive CD4* T cells
(characterized by the expression of Thyl and Cd4, but absence of
S100a4), activated CD4" T cells (Cd4, Thyl and S100a4 expres-
sion), CD8* T cells (Cd8a and Nkg7 expression), T, cells (Folr4
and Thfrsf4 expression), natural killer (NK) cells (II2rb and Gzma
expression), a minor fraction of B lymphocytes (Cd74 and Cd79b
expression), cDC (Id2 and Cd74 expression), monocytic cells (Lyz2
and Ccr2 expression) and microglia (Hexb and Apoe expression;
Fig. 4a). We then compared the abundance of each annotated cell

NATURE IMMUNOLOGY | www.nature.com/natureimmunology


http://www.nature.com/natureimmunology

DispatchDate: 02.04.2020 - ProofNo: 661, p.5

NATURE IMMUNOLOGY ARTICLES
a b
Isotype ) ® |sotype
5 - ° MC21 ll
34 =@ Isotype
_. 201 . -= Mc21
& — o
© 15 4 S 24
gl * 4
Mc21 o 10 4 l 5
o
s _J|& "
5 -
§ 0 . = . . 0 -
5 Ly6C" Lyec- 0 5 .10 . -15 20
Days after immunization
c d
50 = ® Isotype 12 9
Isotype . ® MC21
2
10°4 402 @ 407 — e
) N\ 3 =
r _E,O 30 - * §
3 cq Q
S 204 n’t__ N
O :‘3 } g |
= 10 = %o
5 e e 8
10° 10* 10° 10° 10* 10° 0 4

M
. o
o YR
: Kol
e
- t,
Tip
".‘&"."’.
%
i

Ly6C* MHCII™  Ly6C* MHCII*

Ly6C™ MHCII*

-1l1b
- Cxcl10

T T T 1

4 8 12
Isotype monocytes

f 2 - M Ly6C* monocyte
Ly6C™ monocyte
i i D—__LI M cDC
0 - = M Microglia

B Nos2* macrophage
Arg1* macrophage |

M Cxcl10* monocyte
Saa3* monocyte

Log, (MC21/isotype)
b

@’@’

Fig. 3 | CCR2-mediated cell depletion uncovers pathogenic monocytes in the inflamed CNS. a, Representative fluorescence-activated cell sorting (FACS)
plots of peripheral blood CD11b*CD115*Ly6C* monocytes from mice treated with MC21 or isotype antibodies (left). Quantification of Ly6C- and Ly6C*
monocyte populations in blood from MC21- or isotype-treated MOG-immunized C57BL/6 mice (right). Data are representative of three independent
experiments with three mice. Asterisks indicate statistical significance of P < 0.05 from an unpaired two-tailed t-test. b, Time-course of EAE scores

in MOG-immunized C57BL/6 mice treated with MC21 or isotype antibodies (day 16 PI, mean score in each group: 3+ 0s.e.m.; n=3 mice). Shown is

the mean clinical score +s.e.m. Arrows indicate antibody injections. ¢, Representative FACS plots of the distribution of Ly6C*MHC-II-, Ly6 C*rMHC- 11+

and Ly6C-MHC-II* subsets of myeloid infiltrates in the spinal cords of mice in b (left). Right, quantification of myeloid infiltrate subsets (right);
mean + s.d. is shown, n=3 mice; P< 0,05; unpaired two-tailed t-test. d, Differential gene expression analysis between pooled spinal cord infiltrating
CD45+CD11b*Ly6G+*CD44" myeloid single cells from MC21- and isotype-treated MOG~ immunized C57BL/6 mice, profiled by MARS-seq. e, Projection
of CD45+*CD11b*Ly6G*CD44" single cells isolated from spinal cords of isotype- (left) and MC21-treated (right) MOG~ immunized C57BL/6 mice

on the metacell model from Fig. 1. f, Enrichment of myeloid subsets: Ly6C* monocytes, Ly6C monocytes, cDCs, Microglia, Nos2+ macrophages, Argl*
macrophages, Cxcl10* monocytes and Saa3* monocytes, in single cells from MC21-treated over isotype injected mice as in e. Values represent log, fold
change over pooled data. Error bars represent 95% confidence intervals. d-f, Single cells from pooled spinal cords from n=3 mice per group; n=442 cells
from isotype and 433 cells from MC21-treated animals were analyzed. A second and independent cell depletion MARS-seq experiment with purified

MC21is shown in Extended Data Fig. 5e-g.

type in MC21- and isotype-treated mice. We detected the absence
of a monocyte cluster in mice that received two injections of
MC21 antibody, while CD4*, CD8*, B and NK lymphocytes were
equally present in MC21- and isotype-treated mice (Fig. 4b). Next,
we performed differential gene expression analysis, comparing gene
expression in different immune populations (naive and activated
CD4* cells, CD8* lymphocytes, microglia, cDC and monocytes)
between MC21- and isotype-treated mice, to identify molecular
changes that may arise from monocyte depletion. We were not able
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to detect any gene changes in naive and activated CD4* cells, CD8*
lymphocytes, microglia and cDC irrespective of the presence or
absence of Saa3" and Cxcl10* monocytes within the CNS (Fig. 4c).
These data suggested the absence of Saa3* and CxclI10* monocytes
in the spinal cord, facilitated by CCR2 antibody-mediate cell deple-
tion, did not lead to major gene changes in other immune cells, such
as lymphocytes or microglia.

Next, we developed a flow cytometry-based approach to identify
the Cxcl10* and Argl* monocyte subsets ex vivo. Because CXCL10
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Fig. 4 | Monocyte depletion displays minor changes to other CNS-infiltrating cells. a, Gene expression profiles of 2059 CD45*Ly6G™ cells isolated from
the spinal cord of isotype- and MC21-treated MOG-immunized C57BL/6 mice, clustered into 27 metacells that were grouped into ten cell states. b, Two-
dimensional representation of all infiltrating CD45*Ly6G™ spinal cord cells in MOG-immunized C57BL/6 mice treated with isotype (left) or MC21 (right)
antibodies. The different cell subsets are shown by color code. The arrow indicates the absence of monocyte Il cells, corresponding to Saa3* and Cxcl10*
cells, in the MC21-treated mice. ¢, Differential expression analysis within the main identified cell clusters. Shown are scatter blots of normalized UMI
counts (in log,) between isotype control and MC21-treated animals. B and NK cells were excluded from analysis due to low cell numbers. n=3 animals
per group were pooled for the experiments shown in a-¢, and 972 cells from isotype and 1,087 cells from MC21-treated mice were sequenced.

antibodies suitable for flow cytometry are not commercially avail-
able and because Cxcl10" monocytes coexpressed Cxcl9 (Fig. 1g
and Extended Data Fig. 2d), we tested whether antibodies against
CXCL9 could be used alternatively to identify the Cxcl10" mono-
cyte subset. Based on the expression of Cxcl9 and Argl (and its pro-
tein product Arginase), we investigated whether staining for CXCL9
and Arginase would discriminate Cxcl10* monocytes from Nos2*
macrophages (Extended Data Fig. 6). In the CNS of EAE mice at the
peak of disease (day 17 PI), we detected CD45"Lin-CD11b*Ly6C*

cells that expressed either CXCL9 or Arginase (Fig. 5a). CXCL9*
cells had higher expression of Ly6C compared to Arginase® cells
(Fig. 5b). The specificity of the staining was confirmed by isotype
control staining (Fig. 5¢). Next, we isolated the CNS cell infiltrates of
mice that were injected with MC21 or isotype antibody around peak
of EAE (day 15 PI) for 2d. CXCL9*Ly6C* monocytes were virtu-
ally absent in MC21-treated mice compared to isotype-treated mice,
while Arginase® cells showed only a reduction tendency in MC21-
treated mice compared to controls (Fig. 5e). To investigate whether
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infiltrates in MOG-immunized C57BL/6 at peak of disease (day 17 PI). Colored gates and populations indicate CXCL9* (blue) and Arginase* (encoded

by Argl, red) subsets. Data are representative of two independent experiments with three mice. ¢, Representative FACS plots of the samples from a
stained for CXCL9 and Arginase, or for their isotype antibodies. Isotype control staining was performed twice. d, Time-course of EAE scores in MOG-
immunized C57BL/6 mice treated with MC21 or isotype antibodies. (day 16 Pl, mean score in each group: 3+ 0s.e.m; n=3 mice). Shown is the mean
clinical score +s.e.m.. Arrows indicate time of antibody injections. e, Representative FACS plots of CXCL9* and Arginase* cells in the the Ly6C* monocyte
compartment in MOG-immunized C57BL/6 mice injected with MC21 or isotype antibodies as in d (left). Quantification of the CXCL9* and Arginase*
fractions out of CD45* cells (right). Mean +s.d.; *P< 0.05; unpaired two-tailed t-test. f, Quantification of immune subsets: CD19+* B cells, T, ., CD4*

1 lregst

T cells, CD8* T cells, NK cells, Ly6G* neutrophils and Ly6C* monocytes' in the CNS of MOG-immunized C57BL/6 mice treated as in d, determined by flow
cytometry. Shown are the frequencies (mean +s.d.) of the indicated cell populations out of CD45* cells. T,.,, were identified as CD4+FoxP3*. d—f, n=4

regs

(isotype) and n=5 (MC21) mice per group; the experiment was repeated twice with similar results. *P < 0.05; unpaired two-tailed t-test.

the absence of CXCL9*Ly6C* monocytes had an effect on the cel-
lular composition in the CNS, we quantified the frequencies of lym-
phocytes and neutrophils in MC21- and isotype-treated mice. We
detected a slight increase of CNS-infiltrated CD4*FoxP3* T, cells
from about 1.9% in IgG2b to 3.5% in MC21-treated mice, accompa-
nied by a mild reduction of CD4" T cells from about 27% in isotype-
treated mice to 19.8% in MC21-treated mice (Fig. 5f). We did not
observe significant éhanges to neutrophil levels between MC21- and
isotype-treated mice. Together, these results showed that the deple-
tion of Cxcl10*Ly6C* monocytes did not induce a change in the
gene expression of the immune cells in the CNS, and only slightly
affected their composition, suggesting the Cxcl10*Ly6C* monocytes
might be directly involved in tissue damage.

Peripheral monocytes give rise to distinct myeloid subsets in the
inflamed CNS. Emerging evidence suggests that the Ly6C* mono-
cyte compartment could be heterogeneous®’. To investigate the cel-
lular origin of the different myeloid cells in the inflamed CNS, we
injected 2x10* MDPs isolated from the bone marrow of CD45.1
wild-type mice into MOG-immunized CD45.2 wild-type mice
shortly before the peak of disease (day 13 PI). Then, 48 h later, recip-
ient mice received a second graft of 2 10° GFP*Ly6C* monocytes
isolated from the bone marrow of CD45.2 Ubc-GFP mice, which
express GFP in all hematopoietic cells (Fig. 6a). Two days after the
second injection, transferred CD45.2*GFP* and CD45.1* cells that
also showed surface marker expression of Ly6C and MHCII, could
be detected in the CNS of recipient mice (Fig. 6b). The transferred
CD45.2*GFP* and CD45.1* cells were isolated from CNS at this
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time point and analyzed by MARS-seq (Extended Data Fig. 7a-c).
Consistent with MDPs being monocytes and ¢cDC precursors®,
CD45.1" MDP-derived cells included all myeloid lineages, includ-
ing Argl* and Nos2* macrophages, Saa3* and Cxcl10* monocytes
and ¢DC (Fig. 6¢). On the other hand, transferred GFP*Ly6C*
monocytes mainly gave rise to Argl* and Nos2* cells, but not cDC
or Cxcl10* cells (Fig. 6¢). Even when we analyzed recipient mice
4d after the transfer of bone marrow Ly6C* monocytes, we could
not detect Saa3* and Cxcl10* cells derived from Ly6C* monocytes
(Extended Data Fig. 7d-f), suggesting that GFP*Ly6C* monocytes
lacked potential to differentiate into Cxcl10* monocytes. CD45.2*
MDPs, as well as the GFP*Ly6C* monocytes, also differentiated
into cells with an activated microglia-like phenotype (Fig. 6¢), as
indicated by the high expression Hexb, Sparc, Clqa, Cx3crl and
Apoe, but lacking the expression of core microglia genes such as
P2ry12 and the transcription factor Salll (ref. *°), in line with a
recent report”’.

To test whether monocytes needed peripheral education to develop
into Cxcl10* monocytes, we isolated splenic Ly6C* monocytes from
Ubc-GFP mice 6d after MOG immunization and transferred 1x 10°
splenic GFP*Ly6C* monocytes in mice with EAE at the peak of
disease (day 14 PI) (Fig. 6d). Engrafted spleen-derived GFP*Ly6C*
cells could be detected in the CNS 2d after transfer, but expressed
less surface Ly6C than engrafted bone marrow-derived GFP*Ly6C*
monocytes (Fig. 6b,e). MARS-seq of the transferred spleen-derived
GFP*Ly6C* monocytes revealed that these cells efficiently differenti-
ated into Argl*, Nos2* and microglia-like cells, but they did not give
rise to Saa3* or Cxcl10* subsets 2 d after transfer (Fig. 6f).
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Fig. 6 | MDPs are the main precursors of CNS pathogenic monocytes. a, Scheme of the isolation of bone marrow-derived MDPs from CD45.1/1 mice, and
bone marrow-derived Ly6C+ monocytes from UBC-GFP CD45.2/2 mice for transfer experiment (left). Time-course of EAE scores in MOG-immunized
CD45.2/2 mice. Arrows indicate transfer of MDPs, transfer of bone-marrow (BM) monocytes, and time of analysis (right). Mean clinical score +s.e.m.

is shown. b, Flow cytometry analysis of donor cells derived from CNS of MOG-immunized CD45.2/2 mice as in a. GFP and CD45.2 levels were used to
separate MDP and bone-marrow-monocyte grafts. ¢, Myeloid subset distribution of 319 donor single cells profiled by MARS-seq and projected onto the
metacell model from Fig. 1 based on their gene expression profiles. Index sorting measurements of CD45.2 and GFP were used to assign cells to either
MDP or bone-marrow-monocyte graft origin (Extended Data Fig. 7a,b). Experiments shown in a-c were performed with n=10 EAE recipients. d, Scheme
of the isolation of splenic Ly6C* monocytes from MOG-immunized UBC-GFP CD45.2/2 mice (day 6 Pl, n=6 mice) for transfer experiment (left).
Time-course of EAE scores in MOG-immunized CD45.2/2 mice. Arrows indicate transfer of splenic monocytes, and time of analysis (right). Mean clinical
score +s.e.m. is shown. e, Flow cytometry analysis of donor cells derived from CNS of CD45.2/2 mice as in d. f, Myeloid subset distribution of donor
single cells profiled by MARS-seq and projected onto the metacell model from Fig. 1 based on their gene expression profiles. d-f, Six EAE recipients

were used. g, Scheme of the isolation of bone marrow-derived GMPs from UBC-GFP CD45.2/2 for transfer experiment (left). Time-course of EAE

scores in MOG-immunized CD45.2/2 mice (right). Arrows indicate transfer of GMPs, and time of analysis. Mean clinical score +s.e.m. is shown.

h, Flow cytometry analysis of donor cells derived from CNS of CD45.2/2 mice as in g. i, Myeloid subset distribution of 105 Cx;CR1* donor GMP-derived
single cells profiled by MARS-seq and projected onto the metacell model from Fig. 1 based on their gene expression profiles. g-i, Seven EAE recipients
were used. j, Scheme of the isolation of bone marrow-derived cMoPs from UBC-GFP CD45.2/2 for transfer experiment (left). Time-course of EAE scores
in MOG-immunized CD45.2/2 mice (right). Arrows indicate transfer of cMoPs, and time of analysis. Mean clinical score +s.e.m. is shown. k, Flow
cytometry analysis of donor cells derived from CNS of CD45.2/2 mice as in j. |, Myeloid subset distribution of donor cMoP-derived single cells profiled

by MARS-seq and projected onto the metacell model from Fig. 1 based on their gene expression profiles. j-I, Eight EAE recipients were used. Data in

a-l are representative of one experiment.
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Because GMPs were reported to give rise to monocytes in vivo’,
we further tested the capacity of GMPs to differentiate into mono-
cyte subsets under inflammatory conditions. We transferred 2 x10*
Ubc-GFP* GMPs in mice with EAE shortly before disease peak
(day 14 PI) and analyzed the transferred cells in the CNS 4d later
(Fig. 6g). GFP* GMPs gave rise to Ly6G* neutrophils as expected’,
but also Ly6C*CX,CR1* cells could be found in the CNS (Fig. 6h).
MARS-seq of the latter established that monocytic GMP descen-
dants can develop into all subsets identified in the CNS, including
Ly6C* monocytes, microglia-like cells, Argl* and Nos2* macro-
phages, Cxcl10* and Saa3* and, albeit with a lower frequency than
MDPs, into DCs (Fig. 6i). A similar differentiation potential was
observed when 1X 10° GFP* cMoP were transferred into EAE mice
at day 11 PI, 3d before the peak of disease (Fig. 6j-1). Transferred
GFP* cMoP were able to give rise to microglia-like cells, ArgI*,
Nos2* and Cxcl10* subsets. These data indicated that Cxcl10* mono-
cytes were derived from MDP, GMP and partially cMoP myeloid
progenitors, while Ly6C* monocytes developed less efficiently into
the Saa3* and Cxcl10* monocytes.

Discussion

Here, we used MARS-seq in combination with index sorting to
characterize the mononuclear phagocytes that infiltrated the spinal
cord during acute and chronic stages of EAE pathogenesis. We iden-
tified a total of eight monocyte subsets or activation stages and three
defined DC clusters, of which a subset of Cxcl10" monocytes were
characterized by a pathogenic signature.

EAE is a T cell-initiated, monocyte-driven murine autoimmune
disease'"**. Initial histological attempts to investigate the myeloid
cells in the demyelinating lesions in the CNS of MS patients has sug-
gested the heterogeneity of monocytes and macrophages or microg-
lia, which was affected by the localization within the lesion and by
the disease stage®*. Histology studies in iNos-tdTomato/Argl-YFP
or LysM-eGFP/CD11c-eYFP reporter mice provided important
insight into the spatial and temporal composition of macrophages
in EAE'". In the iNos-tdTomato /Argl-YFP reporter mice, iNos-
tdTomato* Argl-YFP~ cells sequentially developed into iNos-tdTo-
mato~ Argl-YFP* cells, which was interpreted as a conversion of
pro-inflammatory iNos* cells into anti-inflammatory Argl* cells
during EAE progression''. However, the data presented here sug-
gest a more complex mononuclear phagocyte composition in the
CNS, with more than one linear developmental potential from a
pro-inflammatory to anti-inflammatory phenotype. We observed
two related myeloid subsets characterized by expression of Nos2 and
Argl, a hallmark of myeloid-derived suppressor cells’, and these
two subsets seemed to undergo a transcriptomical switch during the
course of disease. Notably, Nos2* cells also expressed high amounts
of Argl, and the two populations were comparable at the transcrip-
tional level, suggesting that these cells are related and develop into
each other, corroborating the earlier report'*.

However, even if the Argl* and Nos2* macrophages were read-
ily detectable during EAE progression and accounted for a large
proportion of the myeloid cell infiltrate, they lacked a pro-inflam-
matory signature. Instead, we identified the Cxcl10* and Saa3*
monocyte subsets as the main myeloid subsets with a pathogenic
profile in the inflamed CNS. These cells were characterized by
high expression of surface Ly6C, were depleted by an CCR2 anti-
body and expressed Csf2rb and Il1b. The expression of CSF2 is a
prerequisite for EAE development, because Csf2~'~ mice show a
complete resistance toward EAE development™. It is known that
CSF2 exerts its function by targeting CCR2" cells'’. Of note, mono-
cytes with genetically impaired signaling through the CSF2 are still
able to infiltrate the spinal cord during EAE, but lack pathogenic
activity”’. Collectively, these data demonstrate that CSF2 is not
merely a survival factor, but rather plays a role in the functional
education of monocytes.
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Ofnote, peripheral Cxcl10* cellswereidentified in thelymphnodes
of mice infected intradermally with different pathogens, includ-
ing the nematode Nippostrongylus brasiliensis, the fungi Candida
albicans and Mycobacterium smegmatis™, and possibly in malaria®.
These results may indicate that Cxcl10* monocytes are an
emergency population that differentiates during various inflamma-
tory conditions. It is important to know where these cells originate
from. Two distinct CCR2-dependent Ly6C* monocyte subsets,
with distinct fates during inflaimmatory conditions, have been
described: classical Ly6C*MHCII"CD209a~ monocytes and
Ly6C*MHCII*Cd209a* cells’. When mice were infected with
Listeria monocytogenes, Ly6C*MHCII-Cd209a- monocytes differ-
entiated into iNos* cells, which were previously named TipDCs™.
Our data support this observation, because Ly6C* monocytes
gave rise preferentially to Nos2* and Argl* cells in mice with EAE
after transfer. Ly C*MHCII*Cd209a* cells on the other hand were
dependent on CSF2 and CCR2 and had a DC phenotype during
Listeria infection®, but their exact function during pathogenesis
remains unclear. However, further sensitive and specific fate map-
ping systems are needed to clarify the origin and fate of pathogenic
monocyte subsets in the future.

Another question arising from our study is. how do pathogenic
monocytes contribute to tissue damage and disease progression?
Cxcl10* cells had high expression of I/1b. IL-1p secretion by CCR2*
monocytes was shown to be important for their transmigration
across the blood-brain barrier and the proper activation of autore-
active CD4* T cells***. CXCL10 itself is also involved in the recruit-
ment of activated CD4* T cells via CXCR3, and neutralization of
CXCL10 by antibody treatment leads to decreased clinical symp-
toms in mice with EAE*. Taken together, our analysis revealed the
presence of a previously unknown monocyte subset with a unique
phenotype in the spinal cord of mice with EAE. It seems that these
cells exhibit direct pathogenic function with minimal influences on
other immune cells. Because Cxcl10* monocytes were also reported
in other inflammatory conditions**** and probably also in cancer”,
specific targeting of these cells might represent a promising strategy
for therapeutic intervention in MS and other pathologies.
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Methods

Mice. Mice were maintained in a special pathogen-free, temperature-controlled
(22 +1°C) mouse facility on a reverse 12-h light, 12-h dark cycle at the Max-
Delbriick Center, Berlin, Germany, or the Weizmann Institute of Science, Rehovot,
Israel. Food and water were given ad libitum. Mice were fed a usual chow diet.

The 8-12-week-old female C57BL/6 mice and Zbtb465%+ mice (B6.129S6(C)-
Zbtb46'™-1Kmm[T) were immunized subcutaneously with 200 pg of MOG;, ;5 peptide
emulsified in complete Freund’s adjuvant containing 1 mg of Mycobacterium
tuberculosis (H37RA, Difco Laboratories) as described previously®. Mice received
intraperitonal injections of 250 ng pertussis toxin (Sigma-Aldrich) at the time of
immunization and 48 h later. Mice were scored daily as follows: 0, no detectable
signs of EAE; 0.5, distal limp tail; 1.0, complete limp tail; 1.5, limp tail and hind
limb weakness; 2, unilateral partial hind limb paralysis; 2.5, bilateral partial hind
limb paralysis; 3, complete bilateral hind limb paralysis and 3.5, complete hind
limb paralysis and unilateral forelimb paralysis.

For adoptive transfer experiments, EAE-diseased mice received an intravenous
injection of 2 10* MDPs (Lin"¢ (TCRy3, NK1.1, TCRf, B220), CD135*, CD115%,
CD117+, CD11b") from female CD45.1/1 mice (B6.SJL-PtprcaPep3b/Boy]) shortly
before the peak of disease. Then, 48 h later, the same mice received an injection of
2% 10° Ly6C* GFP* bone marrow monocytes (Lin"#, CD135-, CD117-, MHCII",
CD11b*, CD115%, Ly6C* from female Ubiquitin-GFP mice; C57BL/6-Tg(UBC-
GFP)30Scha/J) and CNS cells were isolated 48 h after the last injection. GMPs
(Lin™¢, CD135-, CD117*, CD34", CD16/32*, CD11b-, CD1157, Ly6C") were
identified according to ref. ’, and 2 x 10* GMP were transferred 4 d before the peak
of disease. Then 1x 10° cMoPs (Lin™¢, CD135-, CD117%, CD11b~, CD115%, Ly6C*)
were isolated as reported in ref. *. For cell depletion experiments, 50 pg of purified
antibodies (or 100 pl MC21 hybridoma as indicated) were injected at the peak of
disease for 2 consecutive days. Mice were analyzed 1d after the last injection. Rat
IgG2b served as control antibody in all experiments. All animal experiments have
been approved by the LAGeSo in Berlin or by the Weizmann Institute Animal Care
Committee in accordance with international guidelines.

Flow cytometry. For peripheral blood analysis, blood was collected and
mononuclear cells were enriched by Ficoll density gradient centrifugation

(2,200 r.p.m., 15min at 20 °C with low acceleration and no brake). For CNS analysis
mice were perfused with 5ml PBS via the left ventricle and spinal cord samples
were harvested from individual mice. CNS tissues were cut into small pieces

and homogenized through a 100-pm mesh filter without tissue digestion. After
washing, the cell pellet was resuspended in 40% Percoll and the myelin fraction was
separated from mononuclear cells by density centrifugation (2,200 r.p.m., 20 min

at 14°C with low acceleration and no brake). MDPs from the bone marrow were
MACS pre-enriched by antiCD135 biotin antibody followed by antibiotin microbeads
(Miltenyi). GMPs were pre-enriched with antiCD117 microbeads (Miltenyi). Bone
marrow and splenic Ly6C* monocytes and cMoPs were pre-enriched by antiCD115
biotin antibody followed by antibiotin microbeads (Miltenyi). All cells, except for
GMP isolation, were blocked before staining with antiCD16/32 (93) and antibodies
against B220 (RA3-6B2), CD11b (M1/70), CD11c (N418), CD115 (AFS98), CD117
(2B8), Ly6C (HK1.4), CD135 (A2F10), Ly6G (1A8), CD19 (6D5), CD3e (145-

2c11), CD4 (GK1.5), CD45 (30-F11), CD45.1 (A20), CD45.2 (1D4), CD8a (53-6.7),
NKL.1 (PK136), I-A® (MHCIL; AF6-120.1), CX,CR1 (SA011F11), CD16/32 (93),
CD34 (SA376A4), FoxP3 (FJK-16s), CXCL9 (MIG2F5.5), Arginase (AlexF5) and
CD44 (IM7) from Biolegend or eBioscience were used. For CXCL9 and Arginase
stainings, Percoll-isolated mononuclear infiltrates were incubated in full RPMI
media supplemented with 1x Brefeldin A at 37°C for 3h. Intracellular stainings

were performed with the Biolegend FoxP3 fix/perm kit. Samples were flow sorted
using Ariall, ArialIl or Aria-Fusion (BD Biosciences, BD Diva Software) cell sorter.
Antalysis was performed on Fortessa or LSRII (BD Biosciences, BD Diva Software)
and analyzed with FlowJo software v.10.5.3 (Treestar).

scRNA-sequencing. Single-cell libraries were prepared with MARS-seq method".
In brief, messenger RNA from single cells sorted into cell capture plates was
barcoded and converted into complementary DNA and pooled using an automated
pipeline. Subsequently, the pooled sample was linearly amplified by T7 in vitro
transcription, and resulting RNA was fragmented and converted into a sequencing-
ready library by tagging the samples with pool barcodes and Illumina sequences
during ligation, reverse transcription and PCR. Each pool of cells was tested for
library quality and library concentration was assessed. scRNA-seq libraries (pooled
at equimolar concentration) were sequenced on an Illumina NextSeq 500 at a
median sequencing depth of 52,030 reads per cell.

Single-cell analysis. For low-level processing and filtering, sequences were mapped
to mouse genome (mm9), demultiplexed and filtered as previously described”,
extracting a set of unique molecular identifiers (UMISs) that define distinct
transcripts in single cells for further processing. Mapping of reads was done using
HISAT (v.0.1.6)"; reads with multiple mapping positions were excluded. Reads
were associated with genes if they were mapped to an exon, using the UCSC
genome browser for reference. Cells with fewer than 500 UMIs were discarded
from the analysis. After filtering, cells contained a median of 2,269 unique
molecules per cell. All downstream analysis was performed in R.
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The metacell pipeline’ was used to derive informative genes and compute cell-
to-cell similarity, to compute K-nn graph covers and derive distribution of RNA
in cohesive groups of cells (or metacells), and to derive strongly separated clusters
using bootstrap analysis and computation of graph covers on resampled data.
Default parameters were used unless otherwise stated. For Figs. 1 and 2, a metacell
cover was produced on a combined dataset of myeloid and Zbtb46-GFP* cells from
acute and chronic stages of the disease.

Two-dimensional visualization of the metacell structure was performed as
previously described'”'*. In short, a symmetric graph is constructed over all
metacells, by thresholding over the coclustering statistics (indicating how cells
from two distinct metacells are likely to be clustered together). This results in
a graph with maximum degree, D, and any number of connected components.
MetaCell computes coordinates for each metacell by applying a standard force-
directed layout algorithm to the graph. It then positions cells by averaging the
metacell coordinates of their neighbor cells in the K-nn graph, but filter neighbors
that define a metacell pair that is not connected in the graph.

MetaCell approximates the gene expression intensity within each metacell
by a regularized geometric mean. It then quantifies relative expression as the
log-fold enrichment over the median metacell value (Ifp, a complete list of 1fp
gene expression is shown in Supplementary Table 1). To annotate metacells and
assign them into monocyte and macrophage states, we implemented a supervised
approach, where metacells are assigned (or colored) into functional groups by
expression of a curated list of marker genes. Each marker is assigned a threshold
value, and all metacells whose Ifp value for that marker are above the threshold are
colored for that marker. In case of a conflict, a priority parameter can help decide
which marker trumps assignment by other markers.

To project a new set of single-cell profiles on the existing reference metacell
model from Fig. 1 (Figs. 3 and 6 and Extented Data Fig. 5), we extract for each new
cell the ten reference cells with top Pearson correlation over the normalized gene
features defined for the reference model. The distribution of cluster memberships
over these K-neighbors is used to associate the new cell with a reference metacell
(by majority voting) and to project the cell in two dimensions by weighted average
of the linked reference clusters’ mapped x and y coordinates.

Pathway enrichment analysis was performed with clusterProfiler v.3.8.1 (ref. **),
using a Benjamini-Hochberg-adjusted P<0.05 as the significance threshold.
REVIGO was used to refine enriched groups and remove redundant terms®.

Reporting Summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability .
Data generated during this study have been deposited in Gene Expression Omnibus
with the accession code GSE144317.

Code availability
Scripts and auxiliary data needed to reconstruct analysis files will be made available
by request.
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Extended Data Fig. 1| Quality control of the scRNA-seq data. a, List of experiment and cell numbers used in this study. The number of cells represented
here are numbers before exclusion of contaminating lymphocytes or neutrophils. b, Number of lllumina reads and ¢, total UMI per single cell. d, Fraction of
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Extended Data Fig. 2 | Identification of mononuclear phagocyte subsets in the inflamed CNS. a, Comparing Seurat and MetaCell clustering results.
Rows represent the 55 identified metacells, grouped by their cell identity, and columns represent Seurat clusters. Color intensity in each entry depicts the
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Characterization of dendritic cells in the inflamed CNS. a, EAE was induced in Zbtb46-GFP mice and cells were isolated from the
inflamed spinal cord at the acute (day 15 p.i.; mean score: 2,7 + 0,4 SEM; n=6) and the chronic phase (day 30 p.i.; mean score 2,2+ 0,4 SEM; n=7). b,
FACS analysis of Lin"sLy6G-CD44"enCX,CR1wtnCD11b* cellular infiltrates into the spinal cord of acute (pool of n=6 mice) and chronic diseased EAE
Zbtb465%/+ mice (pool of n=7 mice). Shown is the gating for sorting GFP+ cells as indicated by the red square. ¢, Projection of 1282 Zbtb46-GFP~ cells on
the 2D projection as shown in Fig. 1. d, Upper panel: Expression profiles of 1056 infiltrated Zbtb46-GFP+* cells that clustered into 15 DC metacells according
to their transcriptomic similarities. Colorbar represent grouping of cells into three major cDC clusters. Dark violet correspond to cDC1 subset. Lower panel:
MFI of Zbtb46-GFP expression in the sorted cells is shown on the bottom of the heatmap. Red dots indicate cells isolated during the acute phase, while
blue dots indicate cells from the chronic phase. e, Expression quantiles of key cell-type-specific marker genes on top of the projection map. Single cell data
represented in a-e are representative of one experiment.
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Extended Data Fig. 5 | Effects of MC21 depletion. a, Mice were immunized with MOG;;.5; and animals received at the peak of disease six injections of
either 50 pg of isotype control antibody (rat IgG2b) or 50 pg purified anti-CCR2 (MC21). Shown is the mean clinical course +SEM. N=6-7 mice per group
and asterisk indicates statistical significance with * p< 0,05 and ** p < 0,005; unpaired two-tailed T-test. Data are representative of one experiment with
six mice. b, FACS analysis (left) and quantification (right; mean + SD) of Ly6C+* MHCII* (IA®) monocytes in the blood of isotype or MC21 treated mice.

N =3 mice per group, asterisk indicates statistical significance with p < 0,05; unpaired two-tailed T-test. The experiment was repeated three times with
similar results. ¢, Analysis and quantification of splenic immune cells in EAE mice that received two injections of 50 pg isotype control antibody or 50 pg
purified anti-CCR2. Shown are % of the respective cell populations out of CD45* cells (n=4 animals per group; experiment was performed twice with
similar results; mean + SD; asterisk indicates statistical significance with p <0,01; unpaired two-tailed T-test). T, were identified as CD4*FoxP3*. d,
Analysis and quantification of blood immune cells in EAE mice that received two injections of 50pg isotype control antibody or 50pg purified anti-CCR2
(MC21). Shown are % of the respective cell populations out of CD45* cells (n=4 animals per group; experiment was performed twice with similar results;
mean + SD; asterisk indicates statistical significance with p <0,05; unpaired two-tailed T-test). e, Repetition of Fig. 3 in an independent mouse facility
and with purified MC21 antibody. Wt animals received either of 50pg isotype control antibody or 50pg purified anti-CCR2 at the peak of disease for two
consecutive days. Shown are the EAE courses during the experiment (day 16 p.i., mean score in each group: isotype: 2.7+ 0.3 SEM; MC213.0 £ 0.3 SEM;
asterisk indicates statistical significance with p <0,01; unpaired two-tailed T-test;). f, Projection of CD44*Ly6G-CD11b* non-neutrophilic, non-microglial
cells from isotype- (left) and MC21-treated (right) animals on the metacell model from Fig. 1. g, Bar plots showing enrichment (log, fold change) of
myeloid groups in MC21-treated mice compared to isotype controls. Error bars represent 95% confidence intervals. 3 mice were pooled for MARS-seq
analysis depicted in f,g and n=232 cells from isotype- and 147 cells from MC21-treated mice were analyzed in f, g.
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Extended Data Fig. 6 | Expression of Cxcl9 and Cxcl10 in comparison to Argl. Shown is the log2 enrichment over median of Cxcl9 and Cxcl10 against Argl
in the main 6 monocytic clusters.
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Extended Data Fig. 7 | Identification of MDP and Ly6C+ derived cells in the CNS after sequential transfer. a, MDP were isolated from CD45.1/1 mice
and BM Ly6C* monocytes were extracted from Ubc-GFP mice as shown in Fig. 6a. b, Heatmap depicting gene expression across the transferred cells. ¢,
Each cell was assigned to its GFP and Ly6C expression according to the indexed FACS measurement. Shown is the mean fluorescence intensity of each
marker. d, 2x10° Ly6C+ monocytes were isolated from CD45.1/1 mice and transferred at the peak of disease into eight CD45.2/2 recipient mice (day 13
p.i., mean clinical score + SEM are shown). e, 4 days after transfer, only 40 transferred cells could be re-isolated from the pooled spinal cord of recipients
that showed no Ly6C and no MHCII expression. f, scRNA-seq identified that the majority of grafted cells show a Ly6C~ monocyte signature, while the
remaining cells correspond to microglia-like cells and to Argl+ subsets. Single cell data represented in d-f are representative of one experiment.

NATURE IMMUNOLOGY | www.nature.com/natureimmunology


http://www.nature.com/natureimmunology

QUERY FORM

Nature Immunology

Manuscript ID [Art. Id: 661]
Author Amir Giladi
AUTHOR:

The following queries have arisen during the editing of your manuscript. Please answer by making the requisite corrections
directly in the e.proofing tool rather than marking them up on the PDE This will ensure that your corrections are incorporated
accurately and that your paper is published as quickly as possible.

Query No.

Nature of Query

Ql:

Since the references were not cited in numerical order, they have been renumbered in the order of appearance.
Please check.

Q2:

Per style, genetic material is set in italics and gene products (including the mature forms of noncoding RNAs) are
set upright. Please confirm that the italics/upright is appropriate or mark any instances that need to be changed.

Q3:

Your paper has been copy edited. Please review every sentence to ensure that it conveys your intended meaning;
if changes are required, please provide further clarification rather than reverting to the original text. Please note
that formatting (including hyphenation, Latin words, and any reference citations that might be mistaken for
exponents) has been made consistent with our house style.

Q4:

Please ensure that genes are correctly distinguished from gene products: for genes, official gene symbols (e.g.,
NCBI Gene) for the relevant species should be used and italicized; gene products such as proteins and noncoding
RNAs should not be italicized.

Q5:

Please check your article carefully, coordinate with any co-authors and enter all final edits clearly in the eproof,
remembering to save frequently. Once corrections are submitted, we cannot routinely make further changes to
the article.

Qeé:

Note that the eproof should be amended in only one browser window at any one time; otherwise changes will be
overwritten.

Q7:

Author surnames have been highlighted. Please check these carefully and adjust if the first name or surname is
marked up incorrectly. Note that changes here will affect indexing of your article in public repositories such as
PubMed. Also, carefully check the spelling and numbering of all author names and affiliations, and the corre-
sponding email address(es).

Qs:

You cannot alter accepted Supplementary Information files except for critical changes to scientific content. If]
you do resupply any files, please also provide a brief (but complete) list of changes. If these are not considered
scientific changes, any altered Supplementary files will not be used, only the originally accepted version will be
published.

Qo:

We reserve ‘significant’ and its derivatives to mean statistically significant; for all instances in this paper, please
re-word (e.g. ‘important], ‘notable] ‘substantial’) or supply a statistical measure such as P value. See the sentence
beginning "'We detected a significant increase of Cxcl10+ monocytes during disease progression...' for the first
use; in this instance, would ‘notable’ be OK?

Q10:

In the sentence beginning "When analyzed at day 21 p.i, MC21-injected mice showed significant clinical im-

Springer Nature



QUERY FORM

Nature Immunology

Manuscript ID [Art. Id: 661]
Author Amir Giladi
AUTHOR:

The following queries have arisen during the editing of your manuscript. Please answer by making the requisite corrections
directly in the e.proofing tool rather than marking them up on the PDE This will ensure that your corrections are incorporated
accurately and that your paper is published as quickly as possible.

Query No.| Nature of Query

provement,' could ‘significant’ be changed to ‘notable’?

Q11: Please define scRNA-seq on its first use in text. Is this ‘single-cell RNA-seq'?

Q12 In the sentence beginning "'We did not observe significant changes to neutrophil levels' could ‘significant’ bg
changed to ‘notable’?

Q13: In the sentence ‘MDPs from the bone marrow were MACS pre-enriched by antiCD135 biotin antibody' pleasg
spell out MACS

Q14: Acknowledgements: Please check that all funders have been appropriately acknowledged and that all grant num
bers are correct.

Q15: Data availability: If applicable, please ensure accession codes are scheduled for release on or before this article’
scheduled publication date, and update the database record with publication details from this article once avail
able.

Q1lé6: Please check that the Competing Interests declaration is correct as stated. If you declare competing interests

please check the full text of the declaration for accuracy and completeness.

Springer Nature



nature resear(:h Corresponding author(s): ﬁlfzggg‘;rsgmldner

Last updated by author(s): March 2020

Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
2N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
/N Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX O OOKOOOS

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
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Data collection No open-source or custom code was used to collect data for this paper

Data analysis For FACS analysis, we used the following software: FACSDiva 7 FlowJo 10.4.2.
All subsequent bioinformatic data analysis was done in R, version 2.1 to 3.4. Data analysis was done with the custom made MetaCell
package, which is available online (https://bitbucket.org/tanaylab/metacell/src/default/).
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files will be made available by request.
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Sample size

Data exclusions

Replication
Randomization

Blinding

No statistical methods were used to predetermine sample size. Sample sizes for animal studies were made as large as possible based on the
complex genetics. Number of sequenced single cells was determined to ensure detection of subpopulations and is on par with technical
standards in the field. Single cells were collected from pools of 5-7 independent mice per experiment (Fig. 1-3). Experiments in Fig. 4+5 (and
Suppl. Fig. 3) were performed with 3 mice per group. 6-10 mice were used as recipients in Figure 6. Figures 1,2,3 and 5 were repeated twice
with similar results. Single cell data represented in Fig. 4 and 6 were performed once.

Exclusion of single cells was done according to detection depth (less than 500 UMI per cell). Since we focused in this study on the analysis of
cells belonging to the mononuclear phagocyte system, we excluded contaminating neutrophils and T cells, whose mean expression of S100a8
and Thy1, respectively, was strongly enriched over the median across meta-cells

All samples were done in biological and technical replicates as stated above ('Sample Size'). All replications yielded similar results.

No randomization was done, since all animals used were isogenic mice or received a specific antibody treatment.

No blinding was done, since the computational framework was identical for all processed animal samples.
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Antibodies
|:| Eukaryotic c

|:| Human rese
[] clinical data

XXOXNX[s

Antibodies

Involved in the study n/a | Involved in the study

|Z |:| ChiIP-seq

ell lines |:| Flow cytometry

|:| Palaeontology |Z |:| MRI-based neuroimaging

Animals and other organisms

arch participants

Antibodies used

Validation

All cells, except for GMP isolation, were blocked before staining with anti-CD16/32 (93; BioLegend: 101320; for stainings:
101307; dilution: 1:100) and antibodies against B220 (RA3-6B2; BioLegend: 103227; BD: 553092; dilution: 1:200), CD11b
(M1/70; BioLegend: 101228; 101222; dilution: 1:200), CD11c (N418; BioLegend: 117318; 117322; dilution: 1:100), CD115
(AFS98; BioLegend: 135508; 135524; Invitrogen: 12-1152-82; dilution: 1:100), CD117 (2B8; BioLegend: 105803; 105847; 105812;
dilution: 1:100), Ly6C (HK1.4; BioLegend: 128026; 128011; dilution: 1:200) , CD135 (A2F10; BioLegend: 135308; 125309; 135305;
dilution: 1:100), Ly6G (1AS; BioLegend: 127614; 127607; dilution: 1:200), TCRb (H57-597; BioLegend: 109230), TCRgd (GL3;
BiolLegend: 118120); CD4 (GK1.5; BioLegend: 100434, dilution: 1:100), CD45 (30-F11; BioLegend: 103112; BD: 559864;
eBioscience: 83-0451-42; dilution: 1:100), CD45.1 (A20; BioLegend: 110714; dilution: 1:100), CD45.2 (1D4; BioLegend: 109808;
dilution: 1:100), CD8a (53-6.7; BD: 553030; dilution: 1:200), NK1.1 (PK136; BioLegend: 108741; dilution: 1:100), I-Ab (MHCII;
AF6-120.1; eBioscience: 11-5320-82; Invitrogen: 12-5320-82; dilution: 1:200), CX3CR1 (SA011F11; BioLegend: 149016; dilution:
1:100), CD34 (HM34; BioLegend: 128607; dilution: 1:100), FoxP3 (FJK-16s; Invitrogen: 12-5773-80; dilution: 1:100), CXCL9
(MIG-2F5.5; BioLegend: 515603; dilution: 1:100), Arginase (AlexF5; eBioscience: 25-3697-80; dilution: 1:100), CD44 (IM7;
BioLegend: 103040; dilution: 1:100), CD24 (M1/69; BioLegend: 101813; dilution: 1:100), CD43 (S7; BD: 553271; dilution: 1:200)
and CD103 (2E7; BioLegend: 121405; dilution: 1:100) were used. For CXCL9 and Arginase stainings, Percoll-isolated mononuclear
infiltrates were incubated in full RPMI media supplemented with 1x Brefeldin A at 37°C for 3 hours. Intracellular stainings were
performed with the Biolegend FoxP3 fix/perm kit. from Biolegend or eBioscience were used. CCR2 (MC21) and isotype control
(rat 1gG2b) antibody was provided by Matthias Mack

All antibodies against surface-expressed markers used in this study have been previously validated by the manufacturer, as
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stated on their associated product webpages, and by our own lab in previous experiments. In case of new markers, such as
CXCL9 and Arginase, we confirmed antibody specificity by Isotype control stainings (as shown in Fig. 5¢)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals 6-12 week-old female mice were used in this study. The following strains were used:
C57BL/6 mice
Zbtb46Gfp/+ mice (B6.12956(C)-Zbtb46tm1.1Kmm/J)
Ubiquitin-GFP mice (C57BL/6-Tg(UBC- GFP)30Scha/J)
CD45.1/1 mice (B6.SJL-PtprcaPep3b/Boyl)
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Wild animals No wild animals used.
Field-collected samples No field-collected samples used.
Ethics oversight All animal experiments have been approved by the LAGeSo in Berlin or by the Weizmann Institute Animal Care Committee

(IACUC) in accordance with international guidelines.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

IZ A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation For peripheral blood analysis, blood was collected and mononuclear cells were enriched by Ficoll density gradient centrifugation
(2200rpm, 15 min at 200C with low acceleration and no brake). For CNS analysis mice were perfused with 5 ml PBS via the left
ventricle and spinal cord samples were harvested from individual mice. Meninges were removed. CNS tissues were cut into small
pieces and homogenized through a 100um mesh filter without tissue digestion. After washing (2000rpm, 5min, 14°C), the cell
pellet was resuspended in 40% Percoll and the myelin fraction was separated from mononuclear cells by density centrifugation
(2200rpm, 20 min at 14°C with low acceleration and no brake). MDP from the BM were MACS pre-enriched by anti-CD135 biotin
antibody followed by anti-biotin microbeads (Miltenyi). Ly6C+ monocytes from the spleen or BM were pre-enriched by anti-
CD115 biotin antibody followed by anti-biotin microbeads (Miltenyi). All cells were blocked before staining with anti-CD16/32
(93). GMP from the BM were enriched with anti-CD117 antibody followed by anti-biotin microbeads (Miltenyi).

Instrument Samples were flow sorted either using Ariall, Arialll or Aria-Fusion (BD Biosciences, BD Diva Software) cell sorter. Analysis was
performed on Fortessa or LSRII (BD Biosciences, BD Diva Software)

Software FACS was operated with FACSDiva 7 FACS data was analyzed with FlowJo 10.4.2. Index sorting data was read via the
Bioconductor package flowCore and analyzed using custom code, available at the Git repository (https://bitbucket.org/tanaylab/
hematopoiesis2018).

Cell population abundance  The sorting efficiency is mentioned were applicable.

Gating strategy Cells were first gated according to their FSC-A/SSC-A behavior. Singlets were identified by FSC-A/FSC-H. CD11b+ and CD45+ were
gated, and cells were excluded that were positive for the neutrophilic marker Ly6G. Afterwards, microglia were excluded through
their CX3CR1hi CD44low phenotype. The complete gating strategy is shown in Fig 1b.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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