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Cellular/Molecular

CNS Repair Requires Both Effector and Regulatory T Cells
with Distinct Temporal and Spatial Profiles

Catarina Raposo, Nadine Graubardt, Merav Cohen, Chen Eitan, Anat London, Tamara Berkutzki, and Michal Schwartz
Department of Neurobiology, Weizmann Institute of Science, 76100 Rehovot, Israel

Monocyte-derived macrophages (mo-M®s) and T cells have been shown to contribute to spinal cord repair. Recently, the remote brain
choroid plexus epithelium (CP) was identified as a portal for monocyte recruitment, and its activation for leukocyte trafficking was found
to be IFN-y-dependent. Here, we addressed how the need for effector T cells can be reconciled with the role of inflammation-resolving
immune cells in the repair process. Using an acute spinal cord injury model, we show that in mice deficient in IFN-+y-producing T cells, the
CP was not activated, and recruitment of inflammation-resolving mo-M® to the spinal cord parenchyma was limited. We further demonstrate
that mo-M locally regulated recruitment of thymic-derived Foxp3 " regulatory T (Treg) cells to the injured spinal cord parenchyma at the
subacute/chronic phase. Importantly, an ablation protocol that resulted in reduced Tregs at this stage interfered with tissue remodeling, in
contrast to Treg transient ablation, restricted to the 4 d period before the injury, which favored repair. The enhanced functional recovery
observed following such a controlled decrease of Tregs suggests that reduced systemic immunosuppression at the time of the insult can enhance
CNS repair. Overall, our data highlight a dynamic immune cell network needed for repair, acting in discrete compartments and stages, and
involving effector and regulatory T cells, interconnected by mo-M®. Any of these populations may be detrimental to the repair process if their

level or activity become dysregulated. Accordingly, therapeutic interventions must be both temporally and spatially controlled.
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Introduction

Healing of the CNS following traumatic injury was considered for
decades to be a tissue autonomous process independent of outside
intervention. Itis now evident that CNS wound healing shares many
of the properties and requirements of its peripheral counterparts
(Shechter and Schwartz, 2013). As in any other tissue, CNS healing is
amultifactorial process, and only a deep understanding and integra-
tion of the mechanisms behind CNS repair can lead to the identifi-
cation of the key limiting factors that hinder recovery.

In response to spinal cord injury (SCI), an intense activation
and infiltration of immune cells into the injured parenchyma
occurs. Thus, for example, activated microglia and monocyte-
derived macrophages (mo-M®s) play critical and nonredundant
roles in the repair process (Elkabes et al., 1996; Bomstein et al.,
2003; Glezer et al., 2007; Kigerl et al., 2009; Shechter et al., 2009).
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Specifically, infiltrating mo-M®s are essential for the resolution
of the resident microglial inflammatory response, via their ex-
pression of the anti-inflammatory cytokine, IL-10 (Shechter et
al., 2009). In addition, T cells recognizing CNS antigens are piv-
otal for promoting neuronal survival and functional recovery
following acute CNS insults (Moalem et al., 1999; Serpe et al.,
1999; Hauben et al., 2000; Yoles et al., 2001; Kipnis et al., 2002a).
In particular, passive transfer of CNS-specific T helper 1 (Th1)
lymphocytes was shown to be beneficial following injury; how-
ever, the beneficial effect of this cell type is dependent on addi-
tional populations of CD4 * T cells (Kipnis et al., 2002a).

An autoimmune response specific to CNS antigens was shown to
facilitate recruitment of inflammation-resolving mo-M®s (Shech-
ter etal., 2009), whose entry into the injured CNS was recently dem-
onstrated to take place through a designated selective and educating
remote gate, the choroid plexus (CP; Shechter et al., 2013). The
activation of the CP epithelium was found to be dependent on IFN-y
signaling (Kunis et al., 2013). Thus, although several types of im-
mune cells were identified to be involved in the recovery process
following SCI, their spatial and temporal regulation, and their inter-
relationships are not yet fully understood.

Here, we demonstrated that peripheral Th1 cells play an impor-
tant role at the initial stage following injury by activating the remote
epithelial blood—cerebrospinal fluid (CSF) barrier to induce expres-
sion of molecules essential for leukocyte trafficking. We further
showed that mice deficientin Th1 cells exhibited reduced infiltration
of resolving mo-M®s to the lesion site. The infiltrating mo-M®s
were found to orchestrate recruitment of regulatory T cells (Tregs)
to the injured parenchyma. Finally, we found that although well
controlled reduction of Treg levels at the early stage following the
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injury had a beneficial effect on the repair process, their ablation at
the subacute/chronic phase interfered with tissue remodeling.

Materials and Methods

Animals. Mouse strains used included C57BL/6J; Thx21~/~ (B6.129S6-
Thx21"™S"™)); Cd11¢P™ [B6.FVB-Tg Itgax-DTR/GFP 57Lan/J, carrying a
transgene encoding human diphtheria toxin receptor (DTR) under control
of the murine Cd11c promoter; Jung et al., 2002]; Cx3crl GEP/+ (B6.129P-
Cx3crltmlLitt/], in which one of the Cx3crIchemokine receptor alleles is
replaced with a gene encoding GFP). Cd11¢”"™ and Cx3cr1 “*'* transgenic
mice were a generous gift from Steffen Jung (Weizmann Institute of Science,
Israel); Foxp3 SFP mice (Fontenot et al., 2005), a generous gift from Alexan-
der Rudensky (Memorial Sloan Kettering Cancer Center, New York, NY);
Foxp3 ™ (on the B6 background; Bettelli et al., 2006), a generous gift from
Vijay Kuchroo (Harvard Medical School, Boston, MA); Foxp3 PIR trans-
genic mice, carrying a transgene encoding a human DTR under control of
the murine Foxp3 promoter (Suffner et al., 2010), were a generous gift from
Gunter J. Himmerling (German Cancer Research Center, Heidelberg, Ger-
many). For all experiments, adult males aged 8—10 weeks were used. All
animals were handled according to the regulations formulated by the Insti-
tutional Animal Care and Use Committee.

SCI. The spinal cords of deeply anesthetized mice were exposed by lami-
nectomy at T12, and a contusive (200 kdynes) centralized injury was per-
formed using the Infinite Horizon spinal cord impactor (Precision Systems),
as previously described (Rolls et al., 2008; Shechter et al., 2009). The animals
were maintained on twice-daily bladder expression. Animals that were con-
tused in a nonsymmetrical manner were excluded from the experimental
analysis.

Assessment of functional recovery from SCL Mice were randomly assigned
to groups before treatment, while validating similar average starting func-
tional score, which was evaluated 24 h postinjury, in all groups. Recovery was
evaluated by hind-limb locomotor performance, assessed according to the
open-field Basso Mouse Scale (BMS; Basso et al., 2006), as previously de-
scribed (Rolls et al., 2008; Shechter et al., 2009), with nonlinear scores rang-
ing from 0 (complete paralysis) to 9 (normal mobility); each score represents
adistinct motor functional state. In the Treg-depletion experiments, animals
were randomized so that both the control and experimental group were
present in the same cage, and both received diphtheria toxin (DTx; the con-
trol group consisted of the DTR-negative siblings). In all the BMS experi-
ments, blinded scoring ensured that observers were not aware of the identity
of tested animals. Animals that showed a difference of >2 score points be-
tween their two hind limbs were excluded from the analysis.

Bone marrow radiation chimeras. [Cdl1c°™>WT] and [Cx3cr1 ST/ *
>WT] bone marrow (BM) chimeras were prepared by subjecting
gender-matched recipient mice (8- to 10-weeks-old) to lethal whole-
body irradiation (950 rad) while shielding the brain, as previously de-
scribed (Rolls et al., 2008; Shechter et al., 2009). The mice were
reconstituted with 5 X 10° BM cells from an appropriate donor, accord-
ing to a previously described protocol (Rolls et al., 2008; Shechter et al.,
2009). The chimeric mice were subjected to spinal cord contusion 8—-10
weeks after BM transplantation.

DTx administration. DTx (Sigma-Aldrich) was injected intraperitone-
ally. For depletion of mo-M®s, mice were repeatedly injected at 1 d
intervals, starting immediately after the injury, throughout the first week
of recovery. For depletion of Tregs after injury, mice received DTx daily from
days 6 to 13. Ablation of mo-M®s and Tregs postinjury was induced by
administration of 300 ng of DTx. Depletion of Tregs before injury was per-
formed by administration of 400 ng of DTx, using two different regimens:
DTx on days —4, —2, and 0; DTx daily from days —7 to —1.

MC-21 administration. MC-21 (Mack et al., 2001) was injected intra-
peritoneally starting immediately after the injury, throughout the first
week of recovery (days 0, 1, 2, 4, and 6 postinjury).

Antigens and vaccination. A MOG-derived altered peptide ligand,
MEVGWYRSPFDRVVHLYRNGK (MOG-45D, termed 45D; an analog
of MOGg;;_s5), in which aspartic acid is substituted for serine, was pre-
pared by the Peptide Synthesis Unit at the Weizmann Institute. 45D
peptide is a weak agonist of the encephalitogenic MOG;5_s5 peptide and
does not induce autoimmune disease (Ford and Evavold, 2004). Ovalbu-
min (OVA) peptide was purchased from Sigma-Aldrich. Adult mice were
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vaccinated with 45D or OVA (100 ug) emulsified in an equal volume of
complete Freund’s adjuvant (Difco) containing Mycobacterium tubercu-
losis (2.5 mg/ml; Difco), as previously described (Shechter et al., 2009).
The emulsion (total volume 0.1 ml) was injected subcutaneously at one
site in the flank, 7 d before the spinal cord injury.

Immunohistochemistry. Due to technical limitations of some of the
antibodies that were used, two different tissue preparation protocols
(paraffin embedded and microtomed frozen sections) were applied, as
previously described (Rolls et al., 2008). Whenever possible, the results
were confirmed using both techniques. The following antibodies were
used: rabbit anti-GFP (1:100; MBL), goat anti-GFP (1:100; Abcam), rab-
bit anti-glial fibrillary acidic protein (GFAP; 1:100; DakoCytomation),
goat anti-IL-10 (1:20; R&D Systems), hamster anti-TCRf (1:50; Bioleg-
end), rat anti-CD3 (1:200; Serotec). For microglial/M® labeling,
FITC-conjugated Bandeiraea simplicifolia isolectin B4 (IB-4; 1:50;
Sigma-Aldrich) was added for 1 h to the secondary antibody solution.
The slides were exposed to Hoechst stain (1:4000; Invitrogen Probes) for
1 min. GFAP staining was used for demarcation of the lesion site. For
microscopic analysis, a Nikon light microscope (Eclipse E800) equipped
with a Nikon digital camera (DS-Ril) or fluorescence microscope
(Eclipse 80i) equipped with Nikon digital camera (DXM1200F) were
used. Longitudinal sections of the spinal cord were analyzed. Immuno-
reactivity (density) and lesion size were determined automatically with
Image-Pro Plus 4.5 software (Media Cybernetics). To determine lesion
size, the damaged site was demarcated based on Luxol Nissl staining,
H&E staining, and GFAP reactivity. Evaluation of cell number was per-
formed manually. To avoid overestimation due to counting of partial
cells that appeared within the section, special care was taken to count only
cells with intact morphology and a nucleus that appeared larger than 4
wm in diameter. The ImagePro quantification was performed on 2 mm*
fields from spinal cord tissue images, centered on the lesion site, and
including the lesion site, the margins, and surrounding undamaged pa-
renchyma. Three sections from different depths were assessed for each
animal, and between 4 and 14 mice were tested in each group. For im-
munoreactivity measurements, the values are presented in arbitrary units
and indicate total signal intensity in the tissue. The cell number per cubic
millimeter was calculated based on the thickness of the sections.

Isolation of spinal cord cells and flow cytometric analysis/fluorescence-
activated cell sorting. Mice subjected to spinal cord injury were killed by
an overdose of anesthetic, and their spinal cords were prepared for flow
cytometric analysis by perfusion with PBS via the left ventricle. Spinal
cord sections were cut from individual mice, including the injury site
and adjacent margins, and tissues were homogenized using a software
controlled sealed homogenization system (Dispomix; http://www.
biocellisolation.com). The following fluorochrome-labeled mAbs were
purchased from BioLegend, eBioscience, R&D Systems, or BD Biosci-
ences, and used according to the manufacturers’ protocols: PE-
conjugated anti-CD11b, NK1.1, GITR, CD103, CD44, CD62L, IL-10 and
IL-17 antibodies; PerCP-cy5.5-conjugated anti-Ly6C, CD44, CD103,
CXCR3, and TCRpB antibodies; allophycocyanin-conjugated anti-
CD115, Ly6G, TCRB, CCR4, IEN-v, Foxp3, Nrpl, and CD62L; and Pa-
cific Blue/Brilliant Violet-conjugated anti-TCRB, CD4, CD11b, and
CD45.2 antibodies. Foxp3 staining was performed using the Foxp3 stain-
ing buffer set (eBioscience), according to the manufacturer’s protocol.
For intracellular staining of cytokines, single-cell suspensions were incu-
bated with PMA/ionomycin with Golgi Stop (BD Biosciences) for 5 h at
37°C. Cells were stained for surface markers and then permeabilized
using the Golgi Stop kit, according to the manufacturer’s instructions,
and stained for cytokine expression. Cells were analyzed on a FACS LSRIT
cytometer using FACSDiva software (both from BD Biosciences). Anal-
ysis was performed with FlowJo software (Tree Star). For isolation of
CD4 " T cells (CD4"TCRB "CD45.2 ") and Ly6C ~monocyte-derived
macrophages (Ly6C ~CD45.2"8"CD11b"#"Ly6G ), cells were labeled
and isolated using fluorescence-activated cell sorting. In each experi-
ment, relevant negative and positive control groups were used to identify
the populations of interest and to exclude the others.

Statistical analysis. All parametric analyses of data were preceded by
confirmation that the data were normally distributed. Levene’s test was
used to confirm homoscedasticity. In the case of equal variances, data
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Table 1. Primers

Forward Reverse
Arg1 5'-TCCTTAGAGATTATCGGAGCGCCT-3"  5'-TTTCCAGCAGACCAGCTTTCCTCA-3!
1 5’-CAGGATGTTGACAGCAAGAG-3’ 5’-GTTCAGCCTGAATACCACAG-3’
5 5’-GTGCTCCAATCTTGCAGTCGTGTT-3"  5'-ACTTCTTCTCTGGGTTGGCACACA-3'
(17 5’-GTACCATGAGGTCACTTCAG-3’ 5’-GACAGTCAGAAACACGATGG-3’
Cd21 5’-CAGGACTGCTGCCTTAAGTA-3’ 5’-GCACATAGCTCAGGCTTAGA-3’
(22 5’-(TCTGATGCAGGTCCCTATG-3’ 5’-TTTGAGGTCCAGAAGAACTCC-3'
(c28 5’-(TCAGAAGCCATACTTCCCA-3' 5’-ATCCACTGCTTCAAAGTACGA-3’
03d1 5'-ATGTGCGACAAGATGACCTCACGA-3"  5'-TTTCTCCTTCGGGTCAGCACAGAA-3'
9 5’-GAGTTCGAGGAACCCTAGTG-3' 5’-AACTGTTTGAGGTCTTTGAGG-3'
10 5"-AACTGCATCCATATCGATGAC-3' 5'-GTGGCAATGATCTCAACAC-3!
11 5'-CTTCTGTAATTTACCCGAGTAACG-3"  5/-TTCTATTGCCTGCATTATGAGG-3'
Gata3 5’-AGGCAACCACGTCCCGTCCT-3’ 5’-TACCTGGCTCCCGTGGTGGG-3'
lcam 5’-AGATCACATTCACGGTGCTGGCTA-3"  5"-AGCTTTGGGATGGTAGCTGGAAGA-3’
Ifnyr2  5’-TCCCACACCCATTCACAG-3' 5’-AGGTCCAACAGTAACATTCTC-3'
lgf1 5’-TGAGCTGGTGGATGCTCTTCAGTT-3"  5'-TCATCCACAATGCCTGTCTGAGGT-3'
b 5’-CCAAAAGATGAAGGGCTGCTT-3" 5'-TGCTGCTGCGAGATTTGAAG-3’
6 5’-TGCAAGAGACTTCCATCCAGTTG-3’ 5’-TAAGCCTCCGACTTGTGAAGTGGT-3'
110 5’-TGAATTCCCTGGGTGAGAAGCTGA-3"  5'-TGGCCTTGTAGACACCTTGGTCTT-3
112p35  5'-TCACCCTGTTGATGGTCACG-3' 5’-AAATGAAGCTCTGCATCCTGC-3!
17a 5'-TCATCTGTGTCTCTGATGCT-3' 5’-TTCACATTCTGGAGGAAGT (-3’
Madcam  5"-AGCACTCCGTGAAGATCCTTGTGT-3"  5'-TAGCAGGGCAAAGGAGA GACTGTT-3'
Mcsf 5’-CCACATGATTGGGAATGGAC-3’ 5’-GTAGCAAACAGGATCATCCA-3’
Ntse 5’-GCTTCAGGGAATGCAACATGGGAA-3"  5'-ATGCCACCTCCGTTTACAATGCAC-3’
PpiA 5’-AGCATACAGGTCCTGGCATCTTGT-3"  5’'-CAAAGACCACATGCTTGCCATCCA-3'
Tbx21 5'-CAACCACCTGTTGTGGTCCAAGTT-3"  5'-TCGCCGTCCTTGCTTAGTGATGAT-3’
Tnfo 5’-GCCTCTTCTCATTCCTGCTT-3' 5’-CTCCTCCACTTGGTGGTTTG-3
TgfB2  5'-AATTGCTGCCTTCGCCCTCTTTAC-3! 5’-TGTACAGGCTGAGGACTTTGGTGT-3’
Veam 5'-TGTGAAGGGATTAACGAGGCTGGA-3"  5'-CCATGTTTCGGGCACATTTCCACA-3'

were analyzed using Student’s ¢ test to compare between two groups, or
by one-way or two-way ANOVA to compare several groups; repeated
measures two-way ANOVA was used in the functional BMS scoring.
After the null hypothesis was rejected (p < 0.05), Tukey’s Honestly Sig-
nificant Difference test was used for follow-up pairwise comparison of
groups in one-way ANOVA, and the Bonferroni test was used as the
post-test for two-way ANOVA. Reported for the two-way ANOVA are
the p values for interaction between the two factors ( p;,,,), and each of the
main effects, such as time ( p;,e) strain ( Py ain, when comparing WT to KO
mice) or treatment ( p,,..- Such as vaccination or DTx). In the case of un-
equal variances, data were log-transformed to achieve equal variances and
normality; otherwise, the Kruskal-Wallis (K-S) test was used to compare
several groups, followed by Dunn’s test. The specific tests used to analyze
each experiment are indicated in the figure legends. The results are presented
as mean = SEM. In the graphs, y-axis error bars represent the SEM.

Quantitative real time PCR. Spinal cords (8 mm samples flanking the
lesion site) were homogenized in Tri reagent (Sigma-Aldrich), and total
RNA was extracted using Qiagen RNeasy Mini-kit. For choroid plexus
samples, total RNA was extracted using the RNA MicroPrep kit (Zymo
Research). For sorted cells, total RNA was extracted using miRNeasy
Mini Kit. Random hexamers (AB) were used for first-strand cDNA syn-
thesis. The procedures were performed according to the manufacturer’s
instructions. The relative amounts of mRNA were calculated using the
standard curve method, and were normalized to the housekeeping gene,
PpiA (peptidylprolyl isomerase A). Each RNA sample was run in tripli-
cate. The primers used are shown in Table 1.

Results

Th1 cells are needed for controlled recruitment of
inflammation-resolving macrophages

T cells, as well as mo-M®s have been shown to contribute to CNS
repair following injury (Moalem et al., 1999; Hauben et al., 2000;
Kigerl et al., 2009; Shechter et al., 2009). Recently, our group
demonstrated that the brain CP acts as a portal of entry for mo-
M®s (Shechter et al., 2013), and activation of this gate was found
to be IFN-y-dependent (Kunis et al., 2013). These findings led us
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to consider that effector T cells, in the form of Thl, are needed
for the process of recovery, but are active outside the CNS. To test
this hypothesis, we took advantage of Thx21 ~/~ mice, which lack
TBX21, a critical transcription factor for the control of IFN-y
production in CD4 * T cells (Szabo et al., 2002).

Quantitative real-time (qRT)-PCR analysis of CP tissue re-
vealed that following injury, key trafficking molecules required
for the recruitment of monocytes (Shechter et al., 2013) were not
upregulated in the Thx21 ~/~ mice, as opposed to the WT animals
(Fig. 1A). Tbx21 '~ mice showed lower expression levels of traf-
ficking molecules in the CP even in the absence of injury Fig. 14),
suggesting the need for Th1 cells during routine immune surveil-
lance (Kunis etal., 2013). As a corollary, genes associated with the
Th1 pathway, such as Tbx21 and Ifnyr, were upregulated in the
CP of WT mice immediately following the insult, further sup-
porting the involvement of Th1 cells in the activation of the CP
for trafficking of mo-M®s following SCI. Given the role of Th1l
cells in activation of the CP for leukocyte trafficking, we com-
pared the parenchymal infiltration of immune cells at different
time points following injury, in Thx21 ~/~ mice relative to WT
mice (Fig. 1B). Of note, infiltration of TCRB™* T cells was de-
creased in Thx21 ~'~ mice (Fig. 1C). Importantly, we found sig-
nificantly lower numbers of CD45"€"CD11b™&" infiltrating
mo-M®s, specifically on day 7 postinjury (Fig. 1C). In addition,
we observed lower numbers of NK and NK T cells, in line with the
role of TBX21 in the development and maturation of NK cells
(Townsend et al., 2004; Lazarevic et al., 2013); however, these
cells represented minute populations at the injured spinal cord
(1.33 = 0.17% and 0.35 = 0.05%, respectively, on day 14 postin-
jury, the time point at which their numbers were the highest).

As we found a local reduction, relative to WT, of mo-M®s in
Thx21~'~ mice on day 7 postinjury (Fig. 1C), the time of peak
infiltration of IL-10 " resolving mo-M®s to the lesion site via the
CP in WT mice (Shechter et al., 2009, 2013), we evaluated how
the absence of peripheral Th1 cells affected the recruitment of this
specific subset to the injury site. We found that the absence of
circulating Th1l cells led to a significant reduction of IL-10-
producing cells located at the margins of the lesion site, as deter-
mined by costaining for GFAP, at day 7 postinjury (Fig. 2A).
IL-10 was mainly expressed by IB4 T activated myeloid cells (Fig.
2B), located outside of the lesion epicenter; as previously shown,
the infiltrating mo-M®s that express IL-10 are restricted to the
margins of the lesion and are almost absent from the lesion
epicenter (Shechter et al., 2009). Flow cytometry following
intracellular staining confirmed that the infiltrating CD45.2""
CD11b"" mo-M®ds were the main source of IL-10 at the lesion
site (Fig. 2C), and revealed a significant decrease in IL-10-
producing mo-M®s in the Thx21 ~'~ mice, when compared with
WT controls (Fig. 2D). Notably, this subset of IL-10 © M2-like
mo-M®s was previously shown to produce TGF- 3 following SCI
(Shechter et al., 2013). qRT-PCR analysis of the injured spinal
cord lesion site, at distinct time points following SCI, revealed
decreased I110 expression in the Thx21 '~ mice (Fig. 2E). To
assess how the absence of Th1 cells would affect the spinal cord
microenvironment, as a function of time postinjury, we excised
the lesion site and analyzed gene expression by qRT-PCR. We
found reduced expression of genes characteristic of an anti-
inflammatory milieu (Ccll, Argl, and IgfI) at the lesion sites of
Thx21 ™'~ mice, relative to WT mice, whereas genes associated
with a proinflammatory response (II183, I112, and 116) were less
strongly affected by the absence of TBX21 (Fig. 2F). Finally, we
evaluated functional recovery of the hind limbs of Thx21 ~/~ and
WT spinal cord injured mice, using the BMS (Basso et al., 2006);



10144 - J. Neurosci., July 30, 2014 - 34(31):10141-10155

in this scale, a locomotion score of 0 A
represents complete paralysis of the
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hindlimb, whereas a score of 9 reflects Nondnjured Day 1

normal mobility (Basso et al, 2006). WT Tox217 WT Tox21*
Compared with WT animals, Tbx21 '~ Tbx21  97.9+8.6 0.3+0.02** 140.2+19.8  1.9+0.3"*
mice showed worse recovery (Fig. 2G). To Mcsf — 147.5+104 56.7+10.7**  149.0+11.4 53.4+3.7"*
rule out the possibility that the worse out- lcam  1181+7.5  43.0£2.0"*  118.8+7.8  58.7+2.8"
come was due to changes in the T cell pro- .
file of the Thx21 A mice, in particular, Vecam 35.2+3.1 54.5+15.2 94.0+19.1 32.7+3.6
changes in the encephalitogenic Th17 Madcam 149.2+82  51.3+3.6* 170.2+5.9  52.4+4.3"*
cells (Park et al., 2005), we evaluated Cx3cl1 118.8458  77.6+2.0* 132.8+8.5  64.8+7.6**
whether thefabse}?ce of Th1 cells leﬂ}LtO an Ifngr  78.7+10.3  81.4+16.1 14124197  56.1+3.3*
mncrease of the neurotoxic IL-17- Ntse  251+1.8  14.0+0.8* 326+12  21.3+2.7

producing cells. To this end, we measured

IL-17 expression by the local CD4 * T cells
in WT and Tbx21 '~ mice at day 14 B
postinjury, and found a decrease in the
numbers of IL-17-expressing CD4" T
cells (Fig. 2H ), apparently as a result of the
fewer infiltrating T cells in Thx21 ~/~ mice
(Fig. 1C). Together, these data demon-
strate that circulating Thl cells are

Leukocytes
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the injured parenchyma following SCI.
Similar to the wound healing response
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etal.,, 2013), infiltration of CD4 * T cells
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occur following the wave of infiltrating mo-M®s (Fig. 3B).
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jury (Shechter and Schwartz, 2013), CD4 ™ T cells arrived with a
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Treg cells. Notably, although the frequency of Ty, remained low
and unchanged from day 7 to day 14 postinjury, both numbers
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and frequencies of Tregs and Ty, significantly increased during
this period (Fig. 3C).

To achieve a better understanding of the relationship between
the recruitment of mo-M®s and T cells at the lesion site, we
adopted a protocol thatleads to enhanced recruitment of M2-like
mo-M®s and tested its effect on the infiltration of T cells. A
CNS-specific autoimmune response was shown to benefit repair
(Hauben etal., 2000), atleast in part by boosting the spontaneous
recruitment of mo-M®s (Shechter et al., 2009). We therefore
adopted this active immunization protocol using a myelin
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2000; Kipnis et al., 2002a), they must be
maintained under a tight control (Kipnis
et al., 2002a) to avoid autoimmune dis-
ease. This led us to hypothesize that re-
cruitment of Treg to the lesion site might
be needed at the subacute/chronic phase
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of SCI repair. We therefore assessed Treg
accumulation into the parenchyma fol-
lowing injury, and found increased infil-
tration of these cells following the insult,
and that vaccination with the CNS-
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flow cytometry analysis at different time
points following injury. In the absence of
immunization, the Treg population
started to increase at the site of injury
from day 7 onward, reaching highest
numbers at day 14 postinjury, and de-
clined by the third week of recovery (Fig.
4A). At day 14 postinjury, these cells ex-
pressed high levels of CD44, CD103, and
GITR, and low levels of CD62L, consistent
with the phenotype of activated (Huehn et

Foxp3

Cxcl11

Figure 4.  Tregs express high levels of several activation markers, including the Th1 chemokine receptor, CXCR3. A, Kinetics of
accumulation of Foxp3 (D4 +TCRB *Tcellsatthe injured site, as measured by FC (ANOVA; F = 45.4, p << 0.0001), in Foxp3 GFP
mice;n = 4—6 per group, for each time point. B, FC analysis of spinal cord lesion site on day 14 postinjury in Foxp3 °*F mice. The
numbers above the bars refer to the percentage of cells positive for the indicated marker out of Foxp3 (D4 ™ T cells; n = 45 per
group, two independent experiments. C, FC plot indicating the expression of Nrp1 by parenchymal Foxp3 * (D4 * T cells, onday 14
postinjury, in Foxp3 ° mice. Each sample represents a pool of two animals; n = 4. D, FC analysis of CXCR3 * expression in
Foxp3 "(D4 ™ T cells at the injured spinal cord of Foxp3 " mice; n = 5. E, Frequency of Foxp3 " -expressing cells out of the
CXCR3 (D4 * T-cell population on days 7 and 14 following SCI (Student’s ttest; p = 0.006), at the injured parenchyma; n = 46
mice per time point. F, Gene expression, determined by qRT-PCR, of CXCR3-associated chemokines at different time points
following SCI (ANOVA, Cxcl9: F = 8.14, p = 0.0009; (xc/11: F = 5.5, p = 0.003; K-S, Cxc/70: p = 0.004); n = 3— 4 mice per time
point. Asterisks indicate statistically significant differences relative to noninjured mice in A and F and relative to day 7 postinjury in

al., 2004; Stephens et al., 2007), effector
memory-like Tregs (Koch et al., 2009; Fig.
4B). To address whether the Tregs were
recruited from the periphery or were the
outcome of a local conversion from effec-
tor T cells, we measured the levels of
Neuropilin-1 (Nrpl), the expression of
which is known to be associated with the
thymus-derived Treg subset, but not with
the inducible Tregs (Weiss etal., 2012; Ya-

E.*p < 0.05, **p < 0.01, **p < 0.001.

protein-derived peptide, 45D, before injury (Shechter et al.,
2009); we observed that the number of infiltrating CD4 * T cells
at the lesion site was enhanced compared with nonvaccinated
animals (Fig. 3D), in a manner similar to the increase in the
numbers of recruited M2 mo-M®s following this vaccination pro-
tocol (Shechter et al., 2009). As a result of the vaccination, a signif-
icant shift in the CD4 ":CD8 * ratio was observed (Fig. 3E). The
increase in CD4 ™ T cells was dependent on CNS-antigen speci-
ficity, as vaccination with the nonrelated peptide, OVA, did not
lead to an increase in the numbers of CD4 " T cells (Fig. 3F).
Notably, this augmentation was accompanied by an increase in
the frequencies of cytokine producing effector memory CD4 " T
cells (Fig. 3G), in particular, 45D vaccination promoted an in-
crease in the Th1 response, as found by qRT-PCR of sorted pa-
renchymal CD4 " T cells (Fig. 3H) and flow cytometry of the
spinal cord lesion site (Fig. 3I). The infiltration of CD4 * T cells to
the lesion site led us to consider that they might be part of the
immunological network needed to promote overall repair. Im-
portantly, however, for such self-reactive T cells to support CNS
recovery and homeostasis (Moalem et al., 1999; Hauben et al,,

dav et al., 2012). We found that ~90% of

the regulatory cells on day 14 expressed
Nrpl (Fig. 4C), suggesting that Tregs were recruited into the
lesion site from the peripheral pool of thymus-derived Foxp3 *
Treg cells. In addition, we found that the parenchymal Tregs
expressed high levels of the Th1 chemokine receptor, CXCR3 (Fig.
4D). The frequencies of Foxp3 *-expressing CXCR3 "CD4 * T cells
increased over the course of the response to injury (Fig. 4E).
Notably, CXCR3 ™ Tregs have been reported to accumulate at
sites of Th1 cell-mediated inflammation and suppress Th1 re-
sponses (Koch et al., 2009). In addition, the gene expression pro-
file of the CXCR3-associated chemokines Cxcl9, Cxcl10, and
Cxcl11, at the lesion site was changed over time following the
insult (Fig. 4F). Overall, these results suggest a potential role of
the recruited Treg, for the regulation of the effector Th1 response,
during the tissue-remodeling period.

Monocyte-derived macrophages control Treg numbers at the
lesion site

Our observations that parenchymal infiltration of CD4 * T cells
following injury is preceded by the recruitment of mo-M®s, both
spontaneously and as a result of CNS-peptide vaccination, led us
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to hypothesize that the presence of CD4 * T cells at the lesion site
might be dependent on the infiltrating monocytic cells. To test
this working hypothesis, we assessed whether depletion of mo-
M®s would result in a reduction of T cells at the lesion site.
[Cd11cP™>WT] BM chimeric mice were vaccinated before in-
jury with the 45D peptide, as described above (Fig. 3), and treated
with DTx during the first week following the insult. Under this
experimental setup, the poor recovery following DTx-mediated
depletion of CD11c ™ cells in the chimeric mice was shown to be
due to specific ablation of the infiltrating mo-M®s (Shechter et
al., 2009). Using this paradigm, we found a significant reduction
in the numbers of CD4 ™ T cells at the injured spinal cord relative
to animals that were not subjected to DTx-mediated mo-M®
ablation (Fig. 5A). Importantly, whereas the numbers of paren-
chymal CD4™ T cells were dramatically affected by the DTx-
mediated depletion of mo-M®, the levels of circulating CD4 ™ T
cells remained unchanged (control: 1003 = 256; DTx: 866 * 110.
Student’s t test, p = 0.569, n = 5—6 per group). This observation
was further substantiated in nonchimeric mice, using an anti-
CCR?2 antibody (MC-21) that ablates the Ly6C *(Grl *)CCR2 "
monocytes, the macrophage precursors (Mack et al., 2001). Ab-
lation of CCR2 ™ monocytes in the circulation (control: 311 * 15;
MC-21: 61 = 18. Student’s ¢ test, ***p = 0.0004, n = 5-6 per
group), which results in decreased monocyte recruitment to the
lesion site and impaired repair (Shechter et al., 2009; London et
al., 2011), led to a local reduction of CD4" T cells (Fig. 5B),
whereas the numbers of circulating CD4" T cells were un-
changed (control: 394 * 10; MC-21: 397 = 19. Student’s ¢ test,
p = 0.8889, n = 5-6 per group).

The results described above raised the question of whether
mo-M®s affect a specific subset of infiltrating CD4 * T cells. To
address this issue, we assessed levels of local Tregs under such
experimental conditions. We found that systemic monocyte de-
pletion with the anti-CCR2 antibody resulted in a dramatic re-
duction of the numbers of Foxp3™ Tregs in the injured
parenchyma (Fig. 5C,D), but not in the blood (control: 40 * 3;
MC-21:33 = 3. Student’s ttest, p = 0.179, n = 5—6 per group). In
addition, we observed that the absence of mo-M®s resulted in a
significant reduction in the percentage of parenchymal CD44 "
Tregs (Fig. 5E). As CD44 is a marker of T cell activation and it is
highly expressed by activated Treg cells that went through exten-
sive division, driven by antigen recognition of tissue self-antigens
(Fisson et al., 2003), our results suggest a role for the infiltrating
mo-M®s in regulating the activation state of the Treg cells en-
countering the injured CNS parenchyma. To rule out the possi-
bility of a direct effect of CCR2 antibodies on circulating effector
memory CD4 " T cells and some Tregs that express CCR2 (Briihl
etal., 2004), we analyzed their numbers in the circulation follow-
ing antibody treatment; neither subset of T cells was affected
(frequency of CD44"€" out of CD4 * T cells — control: 10.3% *
0.9; MC-21:9.3% = 1.0; Student’s ¢ test, p = 0.529. Frequency of
CD44 " out of Foxp3 "CD4 ™ T cells — control: 38.3% + 2.1;
MC-21: 35.5% = 3.7; Student’s t test, p = 0.579, n = 5-6 per
group), supporting our interpretation that the local reduction of
the different CD4 " T cell subsets was an outcome of monocyte
depletion, rather than a direct effect on T cells. All together, these
results suggested that monocyte-derived macrophages play a lo-
cal role in orchestrating the levels and activation state of paren-
chymal Treg cells.

To understand the molecular mechanism by which macro-
phages could locally orchestrate the accumulation of the Tregs,
we determined by qRT-PCR at day 10 postinjury the expression,
within the injured spinal cord, of several chemokines known to
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be involved in recruitment of Tregs. To this end, lesion sites were
excised from spinal cord injured, monocyte-depleted and non-
depleted mice. Of all the tested molecules, absence of the re-
cruited macrophages most significantly affected the expression of
Ccl22 and Ccl17 (Fig. 5F). The kinetics of expression of Ccl22 in
WT mice following the injury (Fig. 5G) was similar to the kinetics
of accumulation of IL-10-expressing mo-M®s at the lesion site
(Shechter et al., 2013). The expression of CCR4, the CCL22 re-
ceptor, by the Tregs at day 14 postinjury (Fig. 5H) further sup-
ported the possible involvement of the CCL17/22-CCR4
chemokine axis in the recruitment of Tregs by mo-M®s. As we
found a specific reduction in the resolving subset of mo-M®s in
the absence of Th1 cells (Fig. 2), we took advantage of Thx21 '~
mice to further explore the relationship between recruited
mo-M®s and Tregs. We evaluated local expression of Ccl22
following injury in Thx21 ~'~ mice, and found a substantial
reduction of Ccl22 gene expression on day 7 postinjury (Fig.
5I), the time point at which, in WT mice the frequency of resolv-
ing macrophages is at its peak (Shechter et al., 2009, 2013). Im-
portantly, qRT-PCR analysis of Ccl22 expression in sorted
Ly6C ~CD45.2"¢"CD11b"&" mo-M®s, which includes the re-
solving M2-like Ly6C ~CX;CR1"€" mo-M® subset, revealed an
almost sixfold reduction in the expression of this chemokine in
the sorted Ly6C ~ mo-M®s of Thx21 '~ mice, compared with
WT, on day 7 postinjury (Fig. 5]). Finally, we measured Treg
infiltration by flow cytometry in Thx21 ~/~ mice at day 12 postin-
jury; Tbx21 '~ mice showed decreased frequencies of Tregs at
their lesion site relative to their WT counterparts (Fig. 5K),
whereas the numbers of circulating Tregs were unchanged (WT:
73 + 6.7; Thx21 ' ~:76 = 4.2. Student’s ttest,p = 0.757,n =5
per group). Overall, these results support our conclusion that
mo-M®s affect the extent of Treg accumulation in the lesion site,
through a mechanism that may depend on the chemokine
CCL22. Notably, to further substantiate the importance of the
sequential relationship between Th1 cells, infiltrating mo-M®s
and Tregs in response to SCI, we compared Treg accumulation in
WT and Thx21 '~ mice following immunization with the
myelin-derived MOG-45D peptide. The immunization in
Thx21 '~ mice failed to augment Treg accumulation (Fig. 5L).

Treg and the inflammation-resolving macrophages are
nonredundant immunoregulatory players at the lesion site
The increased local frequency of Treg cells within the paren-
chyma following injury, which was temporally and spatially de-
pendent on the infiltrating mo-M®s, led us to consider that this
population of immune regulatory cells might play a complemen-
tary role with the resolving mo-M®s, at the subacute/chronic
phase of the recovery process. To assess their function, we used a
conditional in vivo ablation strategy that allowed the selective
depletion of Foxp3 * Tregs, using Foxp3""™® mice (Suffner et al.,
2010). In light of the fact that most of the Tregs at the lesion site
seemed to be the outcome of recruitment rather than local con-
version, and because their levels peaked at the second week fol-
lowing the injury, we ablated Tregs, using DTx administration,
during the second week following SCI (days 6—13 postinjury).
We found that such DTx-treatment led to parenchymal immune
cell changes including reduction of Tregs (Fig. 6A), and a sub-
stantial increase in T lymphocytes (Fig. 6B—D), at day 14 postin-
jury, mainly of the effector memory subsets (CD44™CD62L'*")
(Fig. 6E). When we examined cytokine expression, we found an
increase in the production of IFN-y by CD4 * T cells in the Treg-
depleted group (Fig. 6F). These results suggest that the local
Tregs are involved in downregulating the local adaptive immune
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response, possibly involving a CXCR3-dependent interaction
(Fig. 4D, E). Similarly, depletion of Tregs in 45D-vaccinated mice
also resulted in the augmentation of IFN-y-producing CD4* T
cells (Fig. 6G). In the periphery, we observed that these Treg-
depleted mice exhibited an almost threefold increase in the ex-
pression of IFN-y by CD4 * T cells in the spleen (Fig. 6H), and
displayed splenomegaly, with significant increase in the weight
and size of their spleens (Fig. 6I). As a consequence of the dys-
regulation of the effector T cell response in the absence of Tregs,
we found augmented spread of myelin damage (Fig. 6]), indicat-
ing impairment of tissue remodeling following the injury. Be-
cause the depletion of Tregs occurred after the peak of
recruitment of resolving macrophages, it appears that the regu-
latory T cells display an important and nonredundant role with
the resolving mo-M®s in controlling the immune response fol-
lowing SCI. Accordingly, the resolving macrophages are needed
for the resolution of the innate microglial response (Shechter et
al., 2009), and the regulatory T cells for resolving the effector
adaptive (Teff) inflammatory response, thereby supporting tissue
remodeling. Flow cytometry analysis of several populations includ-
ing the CD11b'°CD45.2'°" microglia, CD11b™€"CD45.2 " infil-
trating mo-M®s, and Ly6G™ cells (including neutrophils),
indicated that depletion of Tregs during the second week of re-
covery affected mainly the lymphocytic population and not the
myeloid cells (Fig. 6K). All together, these results emphasize that
the local Teff/Treg balance should be in favor of Treg at the stage
of tissue remodeling following SCI.

A peripheral Treg-Teff balance favoring Teff, during the early

response following SCI, benefits repair

The observation above that the local Teff/Treg balance was in
favor of Tregs at the subacute/chronic stage of tissue remodeling
following SCI, raised the question of how this might be reconciled
with our present findings that peripheral Th1 cells are essential
for the repair immediately after injury (Figs. 1, 2), and with our
previous findings that depletion of Tregs promotes recovery fol-
lowing acute CNS axonal injury (Kipnis et al., 2002b). We hy-
pothesized that Tregs play distinct and even opposite roles at
different phases of repair, and possibly in distinct compartments.
Accordingly, we expected that early reduction of Tregs, unlike
late ablation, would contribute to repair by alleviating CNS
injury-induced immune depression (Meisel et al., 2005), and
thereby allow activation of peripheral effector T cells which can
then facilitate monocyte recruitment. To test this hypothesis, we
transiently ablated Tregs, by treating Foxp3°™ mice with DTx
starting 4 d before the injury (DTx administered on days —4, —2,
and 0), and evaluated by flow cytometry how the ablation would
affect the circulating immune cell pool at the time of the insult.
Although we found a small increase in effector T cells, a robust
decrease in the frequencies of blood Foxp3 * Tregs by the time of
the injury was noted (Fig. 7A). To understand how the reduction
in Tregs, at the time of injury, would affect recovery, we followed
the functional recovery of the depleted mice over time; the abla-
tion protocol resulted in improved recovery relative to the spon-
taneous recovery observed in nondepleted mice (Fig. 7B).
Characterization of immune cells at the site of injury during the
acute (day 7) and subacute/chronic (day 12) stages revealed that
ablation of Tregs promoted increased infiltration of T lympho-
cytes to the lesion site (Fig. 7C), and specifically of Ty, at the
acute stage (day 7), which returned to control levels by day 12
(Fig. 7D). Concomitantly, a dramatic local increase of regulatory
T cells at the subacute/chronic stage (day 12) was observed (Fig.
7E), the phase at which Tregs were found to contribute to tissue
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remodeling (Fig. 6). Of note, within the CD4 * T cell population,
there was a specific increase in the frequencies of Tregs (control:
14.9% = 0.97; DTx: 32.73% = 0.66. Student’s t test, ***p <
0.0001); similar high frequencies of parenchymal Tregs at the
lesion site, on day 12 postinjury were observed following treat-
ment with the beneficial 45D-vaccination (Fig. 5L). Overall, these
results support our hypothesis that effector T cells are needed at
the early stage following injury, whereas Tregs are needed in the
CNS at the subacute/chronic stage; such immune state could be
achieved by transiently weakening peripheral immunosuppres-
sion or active vaccination before the injury.

Notably, however, because Tregs are keeping effector T cells,
primarily autoimmune ones, under control (Rosenblum et al.,
2011; Yamaguchi et al., 2013), we also evaluated the fate of the
tissue following injury if a more aggressive protocol of depletion
before the injury would be adopted. To this end, we depleted
Tregs for a longer period of time before the insult (DTx admin-
istered daily from days —7 to —1). When we evaluated how this
depletion protocol affected recovery from SCI, we found a worse
outcome relative to the spontaneous recovery of the nondepleted
mice (Fig. 8A4). The worse recovery was associated with a dra-
matic increase in circulating effector and memory T cells at the
time of the insult (Fig. 8 B,C). Subsequent changes in the T cell
infiltration to the lesion site were observed (Fig. 8D), in particular
reduced frequency of Tregs at the acute phase (day 7) and in-
creased levels of Ty, at the subacute/chronic stage (day 12; Fig.
8E,F). These results suggest that the limited recovery observed
upon extensive depletion of Tregs (days —7 to —1) is due to the
delayed recruitment of effector cells (Fig. 8E) and limited resolu-
tion by Tregs (Fig. 8F ), whereas improved recovery is associated
with an earlier infiltration of Tg,, (Fig. 7D) and high levels of
Tregs at the resolution phase (Fig. 7E). To rule out the possibility
that other cell populations could account for the distinct func-
tional outcome, we measured changes in CD4™ T, and
CD44"€"CD62L'" CD4 ~ cells. We found that these cell popu-
lations underwent similar changes in the two depletion para-
digms (Improved recovery, Ty control 1.2% = 0.13 vs DTx
1.4% = 0.07, Student’s f test, p = 0.29; CD44M8*CD62L"": con-
trol 36.1% = 0.9 vs DTx 49.2% = 1.2, Student’s t test, ***p <
0.0001, n = 4-5 per group, pools of 2 animals; Adverse recovery,
T control 0.98% = 0.2 vs DTx 1.7% = 0.23, Student’s ¢ test,
p = 0.051; CD44"€"CD62L"": control 32.3% = 1.8 vs DTx
48.8% = 1.9, Student’s ¢ test, ***p = 0.0004, n = 45 per group,
pools of 2 animals).

Overall, these results demonstrate that a fine balance between
Thl and Tregs is necessary throughout the recovery phase to
support proper repair, with the need for skewing the immune cell
bias in favor of effector T cells in the blood and in the paren-
chyma at the initial stages postinjury, and in favor of Treg cells
at the subacute/chronic phase, the resolution, and remodeling
stages. Such a change in the cellular balance could be achieved
by breaking immune suppression at the time of the injury,
either by active vaccination or by well controlled depletion of
Treg cells.

Discussion

In the present study, using a series of pharmacological and selec-
tive ablation techniques together with immunological manipula-
tions, we dissected the complex immune network that is needed
to support recovery following CNS injury. We demonstrated that
both Th1 effector cells and Foxp3 * Tregs are needed for recovery
following SCI, at discrete locations and with distinct kinetics (Fig.
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Figure 9.  The immune response following SCI (a model). Recovery from SCl is limited under physiological conditions, but is amenable to boosting. A well controlled effector T-cell (Th1 cells)

response at the time of the injury, requlated by the action of Treg cells, is critical for the overall repair. Inmediately following the injury (day 1), the circulating Th1 cells activate the blood—CSF barrier,
thereby facilitating the active but controlled trafficking of the vital resolving mo-Mds to the lesion site. These mo-Mds locally contribute to the resolution of the innate proinflammatory response
(mediated by microglia and macrophages) via the secretion of the anti-inflammatory cytokine, IL-10. Furthermore, they recruit requlatory T cells, via the expression of CCL22-CCL17. By downregu-
lating adaptive immunity, the parenchymal Tregs contribute to the repair process, preventing further spread of damage and promoting tissue remodeling.

9); with monocyte-derived macrophages playing a functional in-
terconnecting role in this network.

Previous studies from our group (Kipnis et al., 2002a,b;
Shaked et al., 2005; Butovsky et al., 2006) and others (Ishii et al.,
2012) demonstrated that Th1 cells and IFN-vy can promote neu-
ronal repair. However, it also became apparent that Th1 cells are
not themselves sufficient to mediate this reparative function
(Kipnis et al., 2002a), supporting the possibility that a dynamic
immune network is required for proper CNS repair.

Here, we found that at the early stage following SCI, the activ-
ity of Thl cells takes place remotely from the injured paren-
chyma, at the CP epithelium, which was recently shown to form a
regulated selective and educative gate for the infiltration of re-
solving M2-like mo-M®s (Shechter et al., 2013). The CP epithe-
lium of Thx21 '~ mice was compromised in its expression of
trafficking determinants, and thus was poorly activated upon
injury, relative to WT mice. In light of the recent findings from
our group that effector memory T cells reside in the CP (Ba-
ruch et al., 2013), and that injury-induced CP epithelial ex-
pression of trafficking components is dependent on IFN-vy
receptor signaling (Kunis et al., 2013), these findings empha-
size that Th1 cells contribute to recovery immediately follow-
ing acute CNS injury.

Importantly, deficiency in TBX21 resulted in suboptimal re-
cruitment of inflammation-resolving IL-10 © mo-M®s. We fur-
ther found decreased expression at the lesion site of the growth
factor, Igf1, previously shown to be produced by macrophages/
microglia (Rolls et al., 2008) and to have essential roles in CNS
maintenance, repair (Carro et al., 2003), and cell renewal (Aberg
et al., 2000; Hsieh et al., 2004; Butovsky et al., 2006). TBX21 has
been shown to have essential functions in the development of
several innate and adaptive immune cells, including CD8 * T cells
and NK cells (Sullivan et al., 2003; Townsend et al., 2004). In light
of the pivotal role of IL-10, specifically expressed by mo-M®s, in
recovery from SCI (Shechter et al., 2009), the observed reduced

infiltration of resolving mo-M®s in Tbx21 '~ mice highlights
the relevance of this relationship to the repair process.

Multiple roles have been attributed to infiltrating mo-M®s in
the recovery process, including regulation of the local innate pro-
inflammatory response (Shechter et al., 2009) and resolution of
the glial scar (Shechter et al., 2011). Here, we discovered an ad-
ditional function for these innate cells in controlling Tregs at the
lesion site. Thus, reduction of infiltrating mo-M®s, following
specific depletion of mo-M®s, or as occurs in Thx21 ~'~ mice,
resulted in a severe reduction in the accumulation of parenchy-
mal Tregs, and also lower levels of Ccl22 expression. A similar
mechanism of CCL22-dependent recruitment of Tregs was iden-
tified for macrophages in the tumor environment (Curiel et al.,
2004; Huang et al., 2006). The parenchymal Tregs identified here
appeared to derive from the thymic pool, and were endowed with
an effector memory-like phenotype characterized by high expres-
sion of CD44, CD103, and GITR, and low levels of CD62L. We
suggest that although the monocyte-derived macrophages locally
regulate Tregs, the latter are necessary for controlling parenchy-
mal effector T cells at the tissue-remodeling phase and thereby
prevent myelin loss. The high percentage of parenchymal
CXCR3™" Tregs and the upregulation of CXCR3-associated
chemokines at the lesion site are consistent with the role of Tregs
in controlling Th1 cells. It is possible that the parenchymal Tregs,
through the upregulation of CXCR3, responded to the same
chemokine cues as Th1 cells, thereby contributing to the resolu-
tion of the local Thl response. This mechanism of co-opting
selective aspects of the T helper differentiation program has been
demonstrated in EAE, and in type-1 (Miiller et al., 2007; Koch et
al., 2009), and Th2 (Zheng et al., 2009) inflammatory responses.

In accordance with previous findings from our group (Kipnis
et al., 2002a,b), we propose that a controlled and timely break-
down of tolerance, achieved by Treg ablation, evokes an early
transient increase in parenchymal effector memory T cells at the
acute stage, followed by augmentation of regulatory T cells at the
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subacute/chronic stage at the lesion site (when Treg cells are
needed to promote tissue remodeling and support repair, as we
demonstrated here). Because Foxp3 ™ Tregs mainly suppress au-
toimmune T cells (Rosenblum et al.,, 2011; Yamaguchi et al.,
2013), such a response recapitulates the beneficial effect of myelin
peptide-derived vaccination (Shechter et al., 2009), which was
shown to lead to increased recruitment of resolving macrophages
(Shechter et al., 2009). We further found that such a vaccination
also elicited the recruitment of Treg cells. Importantly, we under-
line the dual and nonredundant role of resolving mo-M®s and
Treg cells in controlling innate and adaptive immune responses,
respectively, and in promoting restoration of homeostasis fol-
lowing CNS injury. Nevertheless, extensive Treg depletion before
the insult led to an uncontrolled immune response, abrogating
the potential protective effect of Thl cells; loss of regulation
by the Treg cells resulted in complete loss of recovery and ampli-
fied inflammation at the injured CNS.

In summary, we established that sequential participation of
immune cells, including Th1 cells, infiltrating resolving mo-M®s
and regulatory T cells, is needed for recovery from CNS injury.
This response, spontaneously activated following injury, is ap-
parently not sufficient, but it is amenable to boosting by CNS-
specific T cells (Hauben et al., 2001; Shechter et al., 2009), a
phenomenon named by us “protective autoimmunity” (Moalem
etal., 1999), or as we further show here, by transient reduction of
Tregs before the insult. Our results highlight the delicate spatial
and temporal dynamics of effector and regulatory T cells, the
balance of which is pivotal for the CNS repair process.
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