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Immunodeficiencies and autoimmunity

Short Communication
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Toll-like receptors (TLR) control the activation of dendritic cells that prime CD4+ T cells in
draining lymph nodes, where these T cells then undergo massive clonal expansion. The
mechanisms controlling this clonal T cell expansion are poorly defined. Using the CD4+

T cell-mediated disease experimental autoimmune encephalomyelitis (EAE), we show
here that this process is markedly suppressed when TLR9 signaling is increased, without
noticeably affecting the transcriptome of primed T cells, indicating a purely quantitative
effect on CD4+ T cell expansion. Addressing the underpinning mechanisms revealed that
CD4+ T cell expansion was preceded and depended on the accumulation of neutrophils in
lymph nodes a few days after immunization. Underlying the importance of this immune
regulation pathway, blocking neutrophil accumulation in lymph nodes by treating mice
with a TLR9 agonist inhibited EAE progression in mice with defects in regulatory T cells or
regulatory B cells, which otherwise developed a severe chronic disease. Collectively, this
study demonstrates the key role of neutrophils in the quantitative regulation of antigen-
specific CD4+ T cell expansion in lymph nodes, and the counter-regulatory role of TLR
signaling in this process.
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� Additional supporting information may be found online in the Supporting Information section
at the end of the article.
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Introduction

The development of CD4+ T cell responses is a stepwise process
starting in draining lymph nodes with their priming by DC, which
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is followed by their clonal expansion and differentiation into var-
ious effector subsets.

DC control the earliest phases of T cell immunity, transporting
antigens from peripheral tissues to draining lymph nodes (dLN)
and presenting them to scanning recirculating T cells. Upon the
recognition of their cognate antigens, T cells arrest their move-
ment, and enter into a long-lasting interaction with DC that can
last up to 48 h [1]. Following this dialog, T cells regain their
mobility, and initiate their clonal expansion [2]. The disengage-
ment of the T cell from the DC is necessary for its proliferation,
indicating that T cell clonal expansion takes place in spatial dis-
tance from the DC that mediated its priming. Productive T cell
activation requires intrinsic signaling in DC via innate receptors
such as Toll-like receptors (TLR). Little is known about the role of
TLR signaling in the control of the later events of T cell activation,
such as the subsequent phase of clonal expansion.

Here, we investigated how TLR signals modulated CD4+ T
cell responses in a model of EAE induced by immunization with
the immunodominant peptide spanning the amino acids 35–55 of
mouse myelin oligodendrocyte glycoprotein (MOG). This disease
is associated with CNS inflammation and shares features with MS.
It develops in a CD4+ T cell-dependent manner, and is thus con-
venient to uncover novel mechanisms implicated in the develop-
ment of CD4+ T cell responses.

Results and discussion

TLR agonists CpG-B, PGN, LPS, and CpG-A suppress
EAE disease course

To study the effects of TLR activation in EAE, we added TLR ago-
nists to the immunization cocktail used to induce disease includ-
ing peptidoglycan (PGN), lipopolysaccharides (LPS), CpG-A or
CpG-B oligonucleotides to engage TLR2, TLR4, and TLR9, respec-
tively. Mice treated with these TLR agonists developed a lower
global disease burden than untreated controls and a delayed dis-
ease onset (Fig. 1A and Supporting Information Appendix, Table
S1). The protective effect was particularly pronounced for CpG-B
(Fig. 1A and Supporting Information Appendix, Table S1), which
involved TLR9, as expected (Supporting Information Appendix,
Fig. S1). We thus specifically investigated how CpG-B mediated
such beneficial effect.

CpG-B suppresses the magnitude of the CD4+ T cell
response in dLN

EAE involves autoreactive CD4+ T cells that infiltrate the CNS [3].
We compared the activation of encephalitogenic CD4+ T cells in
dLN, and the accumulation of immune cells in CNS, in CpG-B-
treated and control mice.

The autoreactive CD4+ T cell response peaked in dLN
(inguinal, paraaortic, and popliteal LN) on day 6 p.i. in control
mice, as shown by the frequency of CD4+ T cells up-regulating the

expression of IFN-γ, IL-17, or CD154 (CD40L) following a short
6 h re-stimulation with MOG(35-55) in vitro (Fig. 1B and Sup-
porting Information Appendix, Fig. S2). The autoreactive CD4+

T cell response was markedly reduced in dLN of CpG-B-treated
mice compared to controls (Fig. 1B and Supporting Information
Appendix, Fig. S2A). The reduced accumulation of autoreactive
CD4+ T cells in CpG-B-treated mice was confirmed using MOG-
reactive TCR-transgenic CD4+ T cells from 2D2 mice labeled with
the proliferation dye carboxyfluorescein diacetate succinimidyl
Ester (CFSE) prior to adoptive transfer (Supporting Information
Appendix, Fig. S2B). This experiment suggested that autoreactive
CD4+ T cells proliferated but with an impaired overall expansion
in the dLN of CpG-treated mice. This was not caused by the delo-
calization of the T cell response to the spleen because the autore-
active CD4+ T cell response was also impaired in the spleen (Sup-
porting Information Appendix, Fig. S3). As expected, the suppres-
sion of the autoreactive CD4+ T cell response was not observed in
Tlr9-deficient mice (Supporting Information Appendix, Fig. S4).

We next assessed the accumulation of immune cells in CNS
and the level of tissue damage in this organ by histology (Sup-
porting Information Appendix, Fig. S5). The spinal cord of con-
trol mice displayed a massive accumulation of CD3+ T cells
as well as F4/80+ macrophages, and the activation of resident
microglia/myeloid cells on day 19 p.i. (Supporting Information
Appendix, Fig. S5). In contrast, leukocyte infiltration was barely
detectable in the spinal cords of CpG-B-treated mice (Supporting
Information Appendix, Fig. S5).

We conclude that CpG-B protects mice from EAE by inhibiting
the induction of pathogenic CD4+ T cell response in dLN, thus
reducing cell infiltration into CNS.

Autoreactive CD4+ T cells display a normal
transcriptome in CpG-B-treated mice

We next assessed how CpG-B treatment affected the quality of the
autoreactive CD4+ T cell response. To this end, we determined the
transcriptome of MOG-reactive CD4+ T cells isolated from dLN of
CpG-treated and control mice.

Autoreactive CD4+ T cells were obtained on day 9 p.i. by iso-
lating CD4+CD40L+ T cells from cultures of dLN cells stimulated
for 5 h with MOG(35-55) (Supporting Information Appendix, Fig.
S6). Autoreactive CD4+ T cells (CD4+CD40L+) from control mice
differed markedly from CD4+CD40L− T cells isolated from the
same culture, showing the differential expression of 6104 genes
(corresponding to 7841 Affymetrix probes, p<0.01) (Fig. 1C and
Supporting Information Appendix, Table S2). We compared the
expression of transmembrane receptors, transcription factors,
and cytokines in CD4+CD40L+ T cells from control and CpG-
B-treated mice compared to CD4+CD40L− T cells from control
mice (Fig. 1D). As expected, autoreactive CD4+ T cells displayed
a higher expression of the transmembrane receptors Cd40l and
Tnfsf11 (RANKL), which are essential for EAE induction [4]. They
also displayed a higher expression of the transcription factor Rbpj,
in line with a role for NOTCH signaling in the differentiation

© 2022 The Authors. European Journal of Immunology published by
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Figure 1. TLR agonists attenuate EAE severity by suppressing the expansion of autoreactive CD4+ T cells. (A) EAE was induced in C57BL/6 mice,
with addition of TLR agonists PGN (n = 24), LPS (n = 19), CpG-A (n = 16), CpG-B (n = 26), or PBS (ctrl, n = 33). Data show clinical EAE scores (mean ±
SEM). The statistical difference between each TLR agonist-treated group to ctrl group was evaluated using unpaired two-tailed t-test. (B) C57BL/6
micewere immunized as in Awith orwithout CpG-B, and sacrificed on days 0, 6, and 10.DLNwere collected and cells were culturedwithMOG(35-55)
or left unstimulated for 6 h. Staining for CD4, IFNγ, IL-17, and CD40L was then conducted, and cells were analyzed by flow cytometry. Data (mean ±
SEM) show percentages of a pool of two independent experiments with two to four mice per experiment/group, and were analyzed using unpaired
two-tailed t-test. (C-D) EAEwas induced in C57BL/6micewith orwithout CpG-B.Micewere sacrificed on day 9. dLNwere harvested and cells cultured
for 5 h with MOG(35-55), anti-CD40, and CD40L-PE. CD40L+CD4+ and CD40L−CD4+ T cells were then sorted by FACS and analyzed by microarray.
(C) Venn diagram depicting the number of genes differentially expressed between (i) CD40L+CD4+ cells and CD40L−CD4+ T cells from ctrl mice
(green, 504 + 5600), (ii) CD40L+CD4+ cells from CpG-B-treated mice and CD40L−CD4+ T cells from ctrl mice (blue, 684 + 5600), (iii) CD40L+CD4+ cells
from ctrl mice and CD40L+CD4+ cells from CpG-B-treated mice (pink, 0). (D) Heatmaps showing the expression levels of “cytokine secreted factor”,
“transcription factors”, and “transmembrane receptors”differentially expressed between CD40L+CD4+ T cells and CD40L−CD4+ T cells from control
mice. Microarrays in triplicate. Expression amounts normalized using GCRMA are shown (Log2 transformed). Differential expression is defined as
|log2 Fold Change| > 1.3 and an adjusted P-value < 0.01.

© 2022 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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of encephalitogenic T cells [5]. The expression of the secreted
factors Csf2 (GM-CSF) and Il17a, known to be implicated in
pathogenic T cell activity in this disease, were also up-regulated
in these T cells (Fig. 1D). Strikingly, no gene was differentially
expressed between autoreactive CD4+ T cells from CpG-treated
and control mice (Fig. 1 C and D).

We conclude that CpG-B treatment suppresses EAE develop-
ment by quantitatively reducing the autoreactive CD4+ T cell
amplification locally in dLN while having no qualitative effect on
their gene expression profile.

CpG-B suppresses the accumulation of neutrophils
that promote CD4+ T cell expansion in dLN

In order to identify how CpG-B regulated T cell expansion in an
unbiased manner, we defined the transcriptome of total dLN cells
from CpG-treated and control mice on days 1 and 3 p.i., as well as
from naïve mice. The CpG treatment resulted in larger transcrip-
tome changes on day 1 p.i. (Supporting Information Appendix,
Table S2), showing differential signals for 669 genes (correspond-
ing to 804 Affymetrix probes), than on day 3 p.i. when only
17 genes were differentially expressed (Supporting Information
Appendix, Table S3). This is in agreement with the notion that
TLR primarily modulate the early steps of innate immunity. To
identify whether the transcriptome changes induced by CpG-B
reflected the differential accumulation of specific cell types in
dLN, we analyzed these data using xCell, a deconvolution soft-
ware to infer cell subsets abundance from transcriptomes [6]. This
in silico analysis suggested that EAE induction was associated with
an accumulation of neutrophils in dLN on day 3 p.i. that was sup-
pressed in CpG-treated mice (Fig. 2A). Supporting this notion,
several downregulated genes in CpG-B-treated groups on day 3
p.i. are known to be expressed in neutrophils [7–9] (Fig. 2B). We
therefore quantified neutrophils (CD11b+Ly6ClowLy6G+ cells) in
dLN by flow cytometry. Neutrophils accumulated in dLN on day
3 p.i., and as predicted, their number was drastically reduced
in CpG-B-treated mice (Fig. 2C). The reduction of neutrophil
accumulation on day 3 p.i. temporally preceded the amplifica-
tion of the autoreactive CD4+ T cell response, which could not
be detected on days 1 and 3 p.i., and showed a clear augmenta-
tion on day 6 p.i (Fig. 2D). Thus, CpG-B treatment impairs the
accumulation of neutrophils in dLN just before the expansion of
autoreactive CD4+ T cells.

To investigate whether the neutrophil accumulation on day 3
p.i. was causally implicated in the CD4+ T cell expansion observed
on day 6 p.i., we treated control mice with an anti-Ly6G antibody
(1A8) on days 2 and 4 p.i. to mimic the effect of CpG-B on these
cells by selectively reducing the number of neutrophils after T
cell priming by DC (Supporting Information Appendix, Fig. S7).
Remarkably, mice treated with 1A8 displayed a less severe EAE
than controls (Fig. 2E), alike their CpG-B-treated counterpart, and
a lower autoreactive CD4+ T cell response than controls on day 6
p.i. (Fig. 2F), indicating that reducing neutrophil numbers in dLN
after the initial priming of T cells by DC was sufficient to reduce

the pathogenic T cell response. Noteworthy, the normal accumu-
lation of neutrophils in dLN at later time points in CpG-treated
mice (day 6, Fig. 2C) was unable to compensate for their earlier
deficit, underlining the importance of timing of their presence.

We conclude from these experimental results that neutrophil
accumulation in dLN is a key amplifier of autoreactive CD4+

T cells expansion locally, and subsequently of the severity of EAE,
in a manner that is controlled by TLR9 signaling.

CpG-B suppresses EAE in mice lacking regulatory
B cells or regulatory T cells

In order to address the importance of the regulatory effect
achieved by TLR9 engagement, we assessed whether CpG-B could
protect mice lacking regulatory CD4+Foxp3+ T cells (Tregs) or
regulatory B cells (Bregs), which are two essential pathways of
immune regulation [10, 11] from EAE.

As expected, the EAE course was more severe in B cell-deficient
mice than in controls (Fig. 3A). CpG-B achieved a remarkable
protective effect in the absence of B cells, reducing EAE sever-
ity and restoring complete remission from disease (Fig 3A). This
was associated with the inhibition of the autoreactive CD4+ T cell
response on day 6 p.i. (Fig. 3B) and of the accumulation of neu-
trophils in dLN on day 3 p.i. (Fig. 3C). Thus, CpG-B preserved
its immune-modulatory effect in the absence of B cells, and even
compensated for the lack of Bregs to restore disease resolution.

We next evaluated the effect of CpG-B in Treg-depleted mice.
Treg depletion resulted in a severe chronic disease, whereas con-
trol mice entered in remission a few days after disease onset
(Fig. 3D), as previously described [12]. Strikingly, the adminis-
tration of CpG-B reduced disease severity and restored disease
remission in Treg-depleted mice, thus compensating for the lack
of Tregs. This beneficial effect was associated with the reduction
of the encephalitogenic CD4+ T cell response (Fig. 3E), and of the
accumulation of neutrophils in dLN (Fig. 3F).

This shows that TLR9 engagement can compensate for defects
in Tregs or Bregs by reducing the accumulation of both neu-
trophils and autoreactive CD4+ T cells in dLN. This highlights
neutrophil accumulation in dLN as a key driver of CD4+ T cell
activation. It was previously highlighted that neutrophils migrat-
ing from inflamed skin contributed to T cell activation in dLN
within the first 36 h after immunization [13]. Our data demon-
strate that neutrophils additionally contribute to T cell immunity
later, controlling the expansion of CD4+ T cells between 48 h and
day 6 p.i. How do neutrophils drive T cell expansion? Several
mechanisms can be envisioned. Neutrophils can present antigen
to CD4+ T cells [14] or fuse with DC to form a “hybrid APC”
[15, 16]. Neutrophils can also secrete IL-1 [17], IL-6 [18], IL-12
[19], and the antimicrobial peptide cathelicidin [20] as well as
produce neutrophil extracellular traps (NETs) [21] that can all
directly increase T cell expansion. It was previously reported that
neutrophils could potentiate human CD4+ T cell activation [21],
and that neutrophils displayed a primed phenotype in MS, poten-
tially facilitating pathogenic T cell immunity in this disease [22].

© 2022 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

www.eji-journal.eu
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Figure 2. CpG-B treatment inhibits the accumulation of T cell-activating neutrophils in dLN. Affymetrix whole genome array analysis were con-
ducted on total dLN cells of ctrl and CpG-B-treatedmice on days 0, 1, and 3 post EAE induction. (A) The abundance of neutrophils in dLNwas inferred
from these data using xCell index analysis. (B) Data show the fold change (log2) for the 17 genes differentially expressed between dLN of ctrl and
CpG-B-treated mice on day 3. (C) FACS analysis of neutrophils in dLN on days 0, 1, 3, 6 after EAE induction (pool of three independent experiments
with two or five mice per experiment; mean ± SEM; unpaired two-tailed t-test) (left), and representative dot plots (right). (D) EAE was induced in
C57BL/6 mice with or without CpG-B. On days 0, 1, 3, and 6, dLN were collected and cells stimulated with MOG(35-55) before being analyzed by
flow cytometry to determine the percentages of CD40L-, IFNγ-, and IL-17-expressing CD4+ T cells. Data show mean ± SEM of two independent
experiments with three to four mice per experiment/group. Unpaired two-tailed t-test. (E and F) EAE was induced in C57BL/6 mice with or without
CpG-B. Some mice not treated with CpG-B received 300 μg anti-Ly6G on days 2 and 4. (E) Data show clinical EAE scores (mean ± SEM). Pool of two
independent experiments with 4–5 mice per experiment/group. Data were compared using one-way ANOVA. (F) Mice were sacrificed on day 6, and
dLN cells stimulated with MOG(35-55) for 6 h before FACS analyses. Data show the percentages of CD40L-, IFNγ-, and IL-17-expressing CD4+ T cells
(mean ± SEM). Two independent experiments with three to four mice per experiment/group. Unpaired two-tailed t-test.

© 2022 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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Figure 3. CpG-B suppresses EAE independently of B cells and Tregs. (A) EAE was induced in C57BL/6 mice and JHT mice with or without CpG-B.
Data show clinical EAE scores (mean ± SEM). Two independent experiments with 4–6 mice per experiment/group. Cumulative disease scores were
compared by one-way ANOVA. (B) EAE was induced in JHT mice with or without CpG-B. On day 10, splenocytes were collected and stimulated for 6
h with MOG(35-55). FACS analyses were performed to determine the percentages of IFNγ-, IL-17-, and GM-CSF-expressing CD4+ T cells. Data (mean
± SEM) of two independent experiments with 3–4 mice per experiment/group. (C) EAE was induced in C57BL/6 and JHT mice, with or without
CpG-B treatment, and dLN were collected on day 3 to determine the percentage of neutrophils by FACS analysis. Data (mean ± SEM) from two
independent experiments with 3 mice per experiment/group. (B-C) data analyzed using unpaired one-tailed t-test. (D-F) C57BL/6 mice were treated
with anti-CD25 (PC61) i.v., and EAE was induced 3 days later with or without CpG-B, including untreatedmice as controls. (D) Data show clinical EAE
scores (mean ± SEM) of two independent experiments with 4–6 mice/group per experiment/group. Disease burdens were compared using one-way

© 2022 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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Neutrophils might be a key source of T cell stimulating molecules
in dLN. It is tempting to speculate that the ability of TLR sig-
naling to shunt this neutrophil-mediated amplification of T cell
immunity might be able to overcome the predisposing effects of
some genetic polymorphisms associated with reduced activities of
Tregs or Bregs that increase the risk of developing autoimmune
diseases. This would be consistent with the hygiene hypothesis,
which proposes that exposure to some microbial products protects
from immune-mediated inflammatory diseases [23]. An impor-
tant future step will be to identify the cell type mediating the sup-
pressive function of TLR9, which is expressed in DC, neutrophils,
and B cells [24–26]. Although CpG-B achieved a protective effect
in B cell-deficient mice, intrinsic TLR9 signaling induced IL-10
expression in B cells and promoted their regulatory function in
vivo [27]. Several cell types might thus contribute to the suppres-
sive function of TLR9. Such regulatory activities might be defec-
tive in diseases in which TLR9 function is reduced as previously
observed for B cells in systemic lupus erythematosus [28].

Concluding Remarks

We have addressed how TLR engagement modulated CD4+ T cell-
mediated autoimmunity and found that TLR engagement could
protect mice from EAE, even in the presence of major defects
in Bregs or Tregs. This protective effect was associated with the
diminution of the accumulation of neutrophils in dLN and a lower
antigen-reactive CD4+ T cell response.

Material and methods

Mice

C57BL/6, C57BL/6JHT, 2D2, and TLR9−/− mice were bred
under specific pathogen–free conditions in the Bundesinstitut für
Risikobewertung (BfR), Berlin. All mice used were at the age of
6–10 weeks. All experiments were validated by LAGeSo Berlin
(G0151/09), and animals were treated according to German leg-
islation.

EAE induction and scoring

EAE was induced by subcutaneous immunization of 50 μg
MOG(35-55) peptide (Synthesized at Institute of Medical
Immunology, Charité, Berlin) emulsified in Complete Freund´s
Adjuvant (Sigma–Aldrich) containing 400 μg Mycobacteria, and
intravenous injection of two doses pertussis toxin (Sigma–
Aldrich) on day 0 and 2 after immunization. In the case of

TLR agonists–treated groups, 50 μg LPS (Sigma-Aldrich), PGN
(Fluka), CpG-A (TIB MOLBIOL), or CpG-B (TIB MOLBIOL) were
added into the MOG(35-55)/CFA mixture before emulsification.
Clinic signs of EAE were assessed with the following 0–6 scoring
system: 0 no signs; 1 flaccid tail; 2 impaired righting reflex; 3
paralysis of one hind limb; 4 paralysis of both hind limbs; 5 paral-
ysis of both hind limbs, severe weight loss (20 %) and reduced
mobility (mice with a score of 5 were sacrificed); 6 moribund or
dead (moribund mice were sacrificed).

Cell surface staining for flow cytometry analysis

After the preparation of a single cell suspension, cells were
incubation with 30 μg/ml FcγR blocking antibody for 15 min
at 4°C to block unspecific binding. Cells were then incubated
with fluorophore-conjugated or biotinylated antibodies specific
for CD4 (DRFZ house-made), CD11b (BD Pharmingen), Ly6C
(BD Pharmingen), or Ly6G (BD Pharmingen) in 50 μl PBS/BSA
for 20 min at 4°C. Unbound antibodies were removed by wash-
ing with PBS/BSA. Biotinylated antibodies were detected with
fluorophore-conjugated streptavidin (20 min incubation at 4°C).
After two times washing with PBA/BSA, stained samples were
resuspended in 200 μl PBS/BSA. CD4+CD25− T cells were
labeled with CFSE to follow proliferation following Manufac-
turer’s instructions, incubating cells with 5 mM CFDA-SE for 3
min at room temperature followed by the addition of serum-
containing medium to stop the reaction. For the detection of dead
cells, PI or DAPI were added directly before acquisition by the
flow cytometer.

MOG(35-55) stimulation for intracellular cytokine
staining

After the preparation of a single cell suspension, the total cell
number of each sample was counted with counting chamber and
the suspension was diluted to a density of 8 × 106 cells/ml with
complete RPMI. A total of 4 × 106 cells were plated into the
wells of a 48-well plate. Stimulation buffer made of RPMI with
MOG(35-55) (final concentration of 20 μg/ml) and monensin
(according to manufacturer’s recommendations, “Golgi Stop,”
BD) or only Golgi Stop as unstimulated control were added and
cells incubated for 6 h at 37°C and 5% CO2. After staining for cell
surface molecules, cells were fixed and permeabilized with the
intracellular staining kit (BD Pharmingen) according to the man-
ufacturer’s recommendations. Subsequently, cells were incubated
with fluorophore-conjugated antibodies specific for IFN-γ (BD
Pharmingen), IL-17 (BD Pharmingen), GM-CSF (eBioscience),
and CD40L (Miltenyi Biotec GmbH) for 30 min at 4°C. After two

�
ANOVA. (E) Splenocytes were isolated from anti-CD25-treated mice that received CpG-B or not (ctrl) on day 10 after EAE induction, and stimulated
with MOG(35-55) for 6 h to determine the percentages of IFNγ-, IL-17-, and GM-CSF-expressing CD4+ T cells by flow cytometry. Data (mean ± SEM)
from two independent experiments with 3–4 mice per experiment/group. (F) Three days after EAE induction, dLN were collected to determine the
percentages of neutrophils by FACS analysis. Data (mean ± SEM) from two independent experiments with three mice per experiment/group. (E-F)
data compared using unpaired one-tailed t-test.

© 2022 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

www.eji-journal.eu

 15214141, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eji.202250059 by Inrae - D

ipso, W
iley O

nline L
ibrary on [01/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



8 of 10 Ping Shen et al. Eur. J. Immunol. 2023;53:2250059

times washing with 1× Perm/wash buffer, cell pellets were resus-
pended in PBS/BSA and analyzed by flow cytometer.

Histological analysis

Mice were killed by CO2 asphyxiation. The spines between cervi-
cal and lumbar position were removed and placed in 10% forma-
lin for 2–7 days with 0.5 M EDTA (pH 8.0) at room temperature
in the dark. Subsequently, the spines were embedded in paraf-
fin until being cut into sections for histological analysis. Spine
sections after being deparaffinized were first rehydrated with dis-
tilled water, and were subsequently incubated with primary anti-
bodies specific for CD3 (Dako, Glostrup), F4/80 (eBioscience), or
Iba-1 (Wako) for 30 min, followed by biotinylated donkey anti-
rat or donkey anti-rabbit secondary antibodies (Dianova). The
streptavidin-AP kit was used for detection.

MOG-reactive (CD4+CD40L+) and –nonreactive
(CD4+CD40L−) T cell isolation

C57BL/6 mice were immunized to induce EAE with or without
CpG treatment according to our standard protocol. 9 days later,
dLN (a pair of popliteal LN, paraaortic LN, and inguinal LN)
and spleens were collected and processed into single cell sus-
pension, separately. The cells were subsequently co-cultured with
MOG(35-55) peptide (20 μg/ml) and a mixture of anti-CD40,
anti-CD28, as well as anti-CD40L-PE from a commercial kit (Mil-
tenyi Biotec GmbH). Five hours later, CD4-positive T cells were
first enriched by MACS after staining the cells with anti-CD4 beads
(Miltenyi Biotec GmbH) and subsequently subjected to FACS to
sort CD4+CD40L+ cells after fluorophore-conjugated CD4 stain-
ing (CD4-pacific blue, Clone: RM4-5) with a bin channel including
CD8 (53-6.7) and a marker staining dead cells (NHPO). FACS set-
tings were always controlled with LN cells which were cultured in
parallel but without MOG(35-55) peptide. Sorted CD4+CD40L+

cells were then quickly checked for their purities and directly
lysed with RLT buffer containing 1% ß-mercaptoethnol (Invitro-
gen). Cell lysates were then stored at -80 degree.

For the isolation of CD4+CD25− T cells, spleens, popliteal
LNs, paraoartic LNs, inguinal LNS, and branchial LNs were taken
from 2D2 mice. After single cell preparation, CD4+ T cells were
enriched through depletion of CD11b+, CD11c+, DX5+, CD8+,
and CD19+ cells by adding respective antibody-conjugated mag-
netic beads for magnetic MACS separation. CD25+ were then
removed by staining enriched CD4+ T cells with anti-CD25-PE and
anti-PE magnetic beads, followed by MACS separation. Purity of
CD4+CD25− cells was routinely above 90%. A total of 1 × 106

2D2 CD4+ T cells was then transferred per recipient mouse.

RNA isolation and Affymetrix microarray
hybridization

RNeasy Mini Kit (Qiagen) was used to extract total RNA from
the above isolated CD4+CD40L+ and CD4+CD40L− T cells,

and live cells of draining LNs (inguinal LNs, popliteal LNs and
paraaortic LNs) that were collected on day 3 after EAE induction.
Contaminating genomic DNA was eliminated with an on-column
DNA digestion step (Qiagen). The integrity and amount of
isolated RNA was assessed for each sample using an Agilent 2100
Bioanalyzer (Agilent Technologies) and a NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies, Wilmington, DE,
USA). Biotinylated cRNA was synthesized from 100 μg total RNA
using the recommended reagents (Affymetrix) suggested in the
technical manual for GeneChip 3´IVT Express Kit Labeling Assay.
15 μg fragmented cRNA were hybridized to Affymetrix Mouse
Genome 430 2.0 GeneChips. The arrays were scanned with an
Affymetrix GeneChip Scanner 3000. Successful chip hybridiza-
tion was determined by verifying comparable mean expression
heights, levels of background, noise, percent of probe-sets called
present, the scaling factor, and the 3’-5’ ratios of the GAPDH
control gene. Additional quality checks were accomplished with
the poly-A RNA controls of four polyadenylated B. subtilis tran-
scripts and biotinylated hybridization controls from Affymetrix.
During data acquisition, each chip was globally normalized
and scaled to an average intensity of 100 (target value TGT =
100) to adjust for global differences in hybridization. Normali-
sation has been done using gcrma R package. The significantly
differentially regulated genes were calculated using limma R
package with the Benjamini-Hochberg procedure of p-value
adjustment for multiple testing. Differentially expressed genes
were then selected and filtered using the gene ontology resource
(www.geneontology.org) to focus on transmembrane recep-
tors (GO:0016021, GO:0044214, GO:0004888, GO:0015238,
GO:0022857) and cytokine/secreted factors (GO:0005576,
GO:0005615, GO:0005125, GO:0005126, GO:0005179,
GO:0005184, GO:0008009, GO:0008083, GO:0042379), as
well as a compiled list of transcriptional regulators.

Depletion of neutrophils and regulatory T cells

To deplete neutrophils, 300 μg 1A8 (anti-Ly6G; Bio X Cell) anti-
bodies were intravenously injected on days 2 and 4 after EAE
induction. The depletion efficiency was routinely checked on day
3 after EAE induction by quantification of CD11b+Ly6G+ cells
in the peripheral blood of recipients. To generate regulatory T
cell–depleted mice, 250 μg PC61 (anti-CD25; DRFZ-house-made)
were intravenously injected 3 days before EAE induction. The
depletion efficiency was routinely controlled on the day of EAE
induction by quantifying CD25+CD4+ T cell in blood.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism (v5.02
and v7). Significance was determined using unpaired t-test, or
one-way ANOVA.

© 2022 The Authors. European Journal of Immunology published by
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