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Cnp Promoter-Driven Sustained ERK1/2
Activation Increases B-Cell Activation and
Suppresses Experimental Autoimmune
Encephalomyelitis

Marisa A. Jeffries1,2,3 , Alison E. Obr1,3 , Kelly Urbanek4,
Sharyl L. Fyffe-Maricich2,4 and Teresa L. Wood1,3

Abstract

The ERK1/2 signaling pathway promotes myelin wrapping during development and remyelination, and sustained ERK1/2

activation in the oligodendrocyte (OL) lineage results in hypermyelination of the CNS. We therefore hypothesized that

increased ERK1/2 signaling in the OL lineage would 1) protect against immune-mediated demyelination due to increased

baseline myelin thickness and/or 2) promote enhanced remyelination and thus functional recovery after experimental

autoimmune encephalomyelitis (EAE) induction. Cnp-Cre;Mek1DD-eGFP/þ mice that express a constitutively active form

of MEK1 (the upstream activator of ERK1/2) in the OL lineage, exhibited a significant decrease in EAE clinical severity

compared to controls. However, experiments using tamoxifen-inducible Plp-CreERT;Mek1DD-eGFP/þ or Pdgfra-CreERT;
Mek1DD-eGFP mice revealed this was not solely due to a protective or reparative effect resulting from MEK1DD expression

specifically in the OL lineage. Because EAE is an immune-mediated disease, we examined Cnp-Cre;Mek1DD-eGFP/þ splenic

immune cells for recombination. Surprisingly, GFPþ recombined CD19þ B-cells, CD11bþ monocytes, and CD3þ T-cells

were noted when Cre expression was driven by the Cnp promoter. While ERK1/2 signaling in monocytes and T-cells is

associated with proinflammatory activation, fewer studies have examined ERK1/2 signaling in B-cell populations. After in vitro

stimulation, MEK1DD-expressing B-cells exhibited a 3-fold increase in CD138þ plasmablasts and a 5-fold increase in

CD5þCD1dhi B-cells compared to controls. Stimulated MEK1DD-expressing B-cells also exhibited an upregulation of IL-

10, known to suppress the initiation of EAE when produced by CD5þCD1dhi regulatory B-cells. Taken together, our data

support the conclusion that sustained ERK1/2 activation in B-cells suppresses immune-mediated demyelination via increasing

activation of regulatory B10 cells.
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Myelination, once thought to be a passive insulation sur-
rounding axons, is now known to play an active role in
modulating central nervous system (CNS) function. In
addition to optimizing conduction velocity, oligodendro-
cytes (OLs), the myelinating cells of the CNS, provide
trophic and metabolic support to axons without which
axons degenerate (Funfschilling et al., 2012; Simons &
Nave, 2015; Meyer et al., 2018). In demyelinating dis-
eases such as multiple sclerosis (MS), autoimmune-
mediated loss of myelin and oligodendrocytes (OLs) in
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the central nervous system (CNS) results in damage to
neurons causing a progressive decline in patient mobility.
Current immunosuppression treatments do not ade-
quately prevent demyelination and disease progression.
Additionally, no therapeutic options exist that target
OLs to increase resistance to immune attack or promote
myelin repair. Therefore, additional research to elucidate
mechanisms of limiting demyelination and stimulating
remyelination is critical to increase therapeutic efficacy.

Previous studies have examined the role of extracellu-
lar signal-regulated kinases 1 and 2 (ERK1/2) in devel-
opmental myelination and remyelination (Ishii et al.,
2012; Fyffe-Maricich et al., 2013; Ishii et al., 2013;
Michel et al., 2015; Jeffries et al., 2016). Of particular
importance are data revealing that ERK1/2 signaling
critically promotes timely myelin repair and can regulate
remyelination thickness after lysophosphatidylcholine
(LPC) injection, a detergent that disrupts lipid-rich
myelin membranes leading to focal demyelination.
When ERK2 is conditionally deleted in the OL lineage,
this results in delayed myelin wrapping after LPC demy-
elination of the corpus callosum (Michel et al., 2015).
Conversely, sustained ERK1/2 activation in the OL lin-
eage leads to enhanced myelin thickness during remyeli-
nation after LPC injection into the spinal cord without
affecting demyelination (Fyffe-Maricich et al., 2013).
Surprisingly, sustained ERK1/2 activation specifically
in mature OLs prior to demyelination results in
MEK1DD-expressing pre-existing OLs that persist in a
LPC lesion and form myelin basic protein (MBP) positive
processes that may contribute to remyelination, which
normally does not occur (Jeffries et al., 2016). Taken
together, these studies have highlighted ERK1/2 signal-
ing in the OL lineage as a key regulator of remyelination,
particularly with regards to myelin thickness. However,
to date no studies have examined ERK1/2 signaling in
the OL lineage in an immune-mediated model of demy-
elination like experimental autoimmune encephalomyeli-
tis (EAE), which recapitulates the immune component of
MS pathology.

In order to determine whether sustained ERK1/2
activation in the OL lineage results in decreased EAE
severity, we examined Cnp-Cre;Mek1DD-eGFP/þ
(Cnp-Mek1DD) mice that express constitutively-active
MEK1, the upstream kinase of ERK1/2, under the Cnp
promoter which drives expression in the OL lineage in the
CNS and Schwann cells in the peripheral nervous system
(PNS). Previous studies using this mouse line have
revealed hypermyelination throughout the CNS and
PNS (Fyffe-Maricich et al., 2013; Ishii et al., 2013). In
particular, Cnp-Mek1DD mice exhibited increased
remyelination thickness after LPC demyelination of the
spinal cord (Fyffe-Maricich et al., 2013). Because these
mice exhibit hypermyelination during myelin repair after
LPC injection, we hypothesized that we might similarly

see a beneficial effect of ERK1/2 signaling in the context
of EAE. Extraordinarily, we found that Cnp-Mek1DD
mice did not develop severe EAE symptoms like their
control littermates, suggesting a protective effect against
EAE induction. To validate these results we used a
tamoxifen-inducible Cre-lox mouse model, Plp-CreERT;
Mek1DD-eGFP/þ (Plp-Mek1DD) that expresses
MEK1DD in mature OLs only after exposure to tamox-
ifen. Plp-Mek1DD mice that were given tamoxifen
40 days prior to EAE induction exhibited a disease
course similar to control mice, indicating that sustained
ERK1/2 activation in mature OLs, and the accompany-
ing increased myelin thickness, does not protect against
EAE. In order to examine whether Cnp-Mek1DD mice
had attenuated EAE disease course due to recombined
oligodendrocyte progenitor cells (OPCs) responsible for
remyelination, we administered tamoxifen to Pdgfra-
CreERT;Mek1DD-eGFP (Pdgfra-Mek1DD) mice during
EAE. However, these mice did not exhibit improved
functional scores during EAE compared to controls, sug-
gesting that sustained ERK1/2 activation in adult OPCs
during remyelination does not improve function in the
EAE model. Upon further examination, we discovered
that the Cnp promoter was inducing recombination in
splenic immune cell populations; namely, CD19þ B-
cells, CD11bþ monocytes, and CD3þ T-cells. Isolation
of CD19þ splenic B-cells from Cnp-Mek1DD and con-
trol mice followed by in vitro stimulation with lipopoly-
saccharides (LPS) resulted in enhanced B-cell activation.
In particular, enriched expansion of the CD5þCD1dhi

population and increased IL-10 transcription and secre-
tion, associated with regulatory B10 cells, was observed.
Taken together, our data reveal that the Cnp promoter is
active not only in the OL lineage of the CNS, but also in
splenic B-cells, monocytes, and T-cells. Furthermore,
expression of constitutively active MEK1 in splenic B-
cells results in increased activation, particularly for IL-
10 producing regulatory B10 cells. The results from this
study suggest that enhancing B10 cell activation and
function through downstream effectors of ERK1/2 sig-
naling may be of therapeutic interest in preventing pro-
gressive damage in immune-mediated demyelination
disorders such as MS.

Materials and Methods

Experimental Animals

Heterozygous Cnp-Cre (Lappe-Siefke et al., 2003), Plp-
CreERT (Doerflinger et al., 2003) (The Jackson
Laboratory, RRID:ISMR_JAX:005975), or Pdgfra-
CreERT (Kang et al., 2010) (The Jackson Laboratory,
RRID:ISMR_JAX:018280) mice on a C57Bl/6 back-
ground were bred to homozygous R26StopFLMek1DD-
eGFP mice (Srinivasan et al., 2009) (The Jackson
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Laboratory; RRID:ISMR_JAX:012352) in order to
generate female Cnp-Cre;Mek1DD-eGFP/þ (Cnp-
Mek1DD), Plp-CreERT;Mek1DD-eGFP/þ (Plp-
Mek1DD), or Pdgfra-CreERT;Mek1DD-eGFP/þ
(Pdgfra-Mek1DD) mice and control littermates (WT;
Mek1DD-eGFP/þ). In the Cnp-Mek1DD mouse CNS,
the OL lineage exhibits recombination and expression
of MEK1DD, a constitutively active MEK1 mutant rat
MAPKK1 (the ERK1/2 kinase) with two serine to aspar-
tic acid substitutions (S218D/S222D) within the catalytic
domain. For some experiments, Cnp-Cre or Plp-CreERT

mice were crossed with ROSAmT/mG double reporter
(DR) (Muzumdar et al., 2007) (The Jackson
Laboratory; RRID:ISMR_JAX:007676) mice to gener-
ate Cnp-Cre; ROSAmT/mG (Cnp-DR) or Plp-CreERT;
ROSAmT/mG (Plp-DR) mice that exhibit widespread
membrane-bound TdTomato expression but upon Cre
recombination express membrane-bound GFP in recom-
bined cells. In order to induce recombination in Plp-
Mek1DD, Plp-DR, or Pdgfra-Mek1DD mice, tamoxifen
(100mg/kg; 10mg/mL stock in 9:1 sunflower seed oil:eth-
anol) was administered by intraperitoneal injection for 5
consecutive days, resulting in the recombination in PLPþ

mature OLs or PDGFRaþ OPCs respectively. In Cnp-
Mek1DD and Plp-Mek1DD mice, expression of
MEK1DD is concurrent with an eGFP marker down-
stream of an internal ribosomal entry site, such that
recombined cells can be identified. Mice were kept in
microisolation in a pathogen-free environment and main-
tained on a 12 h light:12 h dark cycle with standard
mouse chow and water ad libitum. All research and
animal care procedures were approved by the
University of Pittsburgh Institutional Animal Care and
Use Committee or the Rutgers New Jersey Medical
School Institutional Animal Care and Use Committee.

Experimental Autoimmune Encephalomyelitis

In order to induce immune-mediated demyelination of
the CNS in Cnp-Mek1DD and control littermates, 10-
14week old female mice were given EAE according to the
MOG35-55 peptide EAE kit (EK-2110, Hooke
Laboratories). To induce recombination before EAE, 6-
11week old Plp-Mek1DD and control female mice were
administered tamoxifen (10mg/mL; T5648, Sigma) dis-
solved in 9:1 sunflower seed oil and ethanol by intraper-
itoneal injection at 100mg/kg once daily for 5
consecutive days. The first injection was given 40 days
prior to EAE induction at 12-17weeks of age in order
to allow for significant hypermyelination, observed pre-
viously by 21-60 days post-tamoxifen (dpt) (Jeffries et al.,
2016). Pdgfra-Mek1DD and control littermate mice were
given EAE at 10-12weeks of age. Each mouse received
tamoxifen injections as described above once daily for 5
consecutive days once a clinical score of 1 was reached.

When mice reached a paralyzed state during EAE, they

received softened wet mouse chow ad libitum and were

checked daily for signs of dehydration and weight loss. If

mice exhibited dehydration, they were administered

500 mL of 0.9% saline subcutaneously once daily. Only

female mice were used in all experiments as EAE induc-

tion in males results in higher unpredictability and vari-

ability in disease.

Luxol Fast Blue Staining of Frozen Sections

Mice were intracardially perfused with 1� PBS followed

by 4% PFA/PBS, post-fixed for 2–24 hours, then cryo-

protected overnight in 20% sucrose. Fixed spinal cord

tissue was embedded and cryosectioned at 20 mm sec-

tions. Sections were then rinsed in water followed by

35% and 70% EtOH, then incubated in luxol fast blue

solution overnight at 55-60�C. Excess stain was rinsed

with 95% EtOH followed by water, then destaining

was performed in 0.05% lithium carbonate solution

before additional 70% and 100% EtOH rinsing followed

by xylene immersion and coverslipping.

Immunolabeling of Frozen Sections

Mice were intracardially perfused with 1� PBS followed

by 4% PFA/PBS, post-fixed for 2-24 hours, then cryo-

protected overnight in 20% sucrose. Fixed spinal cord

tissue was embedded and cryosectioned at 20 mm sec-

tions. Immunolabeling was performed as described pre-

viously in (Jeffries et al., 2016) with slight modifications.

Briefly, for MBP immunofluorescence, sections were

rehydrated in 1� PBS then submerged in 100% EtOH

for 10minutes (min). After 3 washes in 1� PBS, sections

were blocked in 2-4% NGS/0.3% Triton-X-100 in 1�
PBS, then incubated with primary antibodies diluted in

blocking buffer at 4�C overnight. After primary antibody

incubation, sections were washed 3x 5min. in 1� PBS

followed by secondary antibodies at room temperature

for 1-3 hours. Primary antibodies used were mouse anti-

MBP (1:1000; SMI-99, Covance, RRID:AB_2314772),

rabbit anti-IBA1 (1:500; 019-19741, Wako, RRID:

AB_839504), rat anti-CD3 (1:50; MAB4841, R&D

Systems, RRID:AB_358426), and rabbit anti-CD19

(1:1000; 90176, Cell Signaling, RRID:AB_2800152).

Secondary antibodies used were goat anti-mouse 488

(1:500; A11001, Invitrogen, RRID:AB_2534069), goat

anti-rabbit 546 (1:500; A11010, Invitrogen,

RRID:2534077), goat anti-rat 350 (1:500; A21093,

Invitrogen, RRID:AB_2535748), goat anti-rabbit 647

(1:500; A21246, Invitrogen, RRID:AB_2535814).

Sections were counterstained with DAPI (1:1000) in

order to identify demyelinated lesions by hypercellular-

ity. Slides were coverslipped with Fluorogel (17985-10,

Jeffries et al. 3



Electron Microscopy Sciences) or Prolong Gold (P36934,
Thermofisher Scientific).

Toluidine Blue Sections

Mice were intracardially perfused with 4% PFA, then
spinal cords were dissected and drop-fixed in 4% PFA/
2% glutaraldehyde in 0.1M sodium cacodylate buffer for
� 24 hrs. Tissue samples were postfixed in 1% OsO4, then
dehydrated in serial ethanol solutions, stained en bloc
with uranyl acetate, and embedded in a Poly/Bed812
resin. Thick (350 nm) sections were cut and stained with
toluidine blue and visualized at 60x magnification.

Image Analysis

Fluorescence and brightfield images were acquired using
an Olympus AX-70 microscope and iVision software.
Immunofluorescence images for analysis were acquired
using a 2x objective. Toluidine blue ventral spinal cord
white matter sections were imaged using a 60x oil objec-
tive. Imaged areas were selected for sparse or no visible
immune infiltration and demyelination. Luxol fast blue
images were acquired using a 2x objective. CD3 and
CD19 immunostaining images were acquired using a
10x objective. For MBP and IBA1 positivity in the
white matter of the spinal cord, the dorsal and ventral
white matter regions were outlined as the region of inter-
est (ROI). Images for analyzed using the adjust threshold
function for positive staining and area fraction within the
ROI was calculated using ImageJ software. At least 2
images per animal and 3 animals per genotype were
analyzed.

Spleen Dissociation

Female Cnp-Mek1DD, Cnp-DR, or Plp-DR and control
littermate mice were euthanized by CO2 inhalation at 8-
13weeks of age. Spleens were removed and immediately
placed in 2mL DMEM on ice, and dissociated as
described previously with modifications (Pachynski
et al., 2015). Spleens were chopped and 1mL of digestion
medium in HBSS added (0.04mg/mL collagenase I,
LS004214, Worthington Biochemical; 1.67mg/mL colla-
genase IV, LS004188, Worthington Biochemical; 30mg/
mL DNAse I, D4527-40KU, Sigma) for 25min. incuba-
tion at 37�C, then 5mL of DMEM were added and sus-
pension filtered through a 70 mm filter. Cells were
centrifuged at 450 g for 6min., then erythrocytes were
lysed using 8.29 g/L NH4Cl, 1 g/L KHCO3, and
37.2mg/L EDTA for 4min. After adding 12mL of
DMEM, suspensions were filtered through a 70 mm
filter, washed with 10mL DMEM, and centrifuged at
450 g for 6min. Cells were resuspended in 20mL of
HBSS, centrifuged at 450 g for 5min., then resuspended
in 1mL HBSS for cell counting with trypan blue. After

cell counting with a 1:4 dilution, cells were centrifuged at

450 g for 5min. and resuspended at 1 x 106 cells/50 uL of

FACS buffer (2% goat serum, G9023, Sigma; 1% BSA,

A6003, Sigma; in HBSS). Only female mice were used for

all immune cell experiments in order to match EAE
experiments.

Splenic Flow Cytometry

Resuspended splenic immune cells in FACS buffer were

immunostained using appropriate combinations of the

following antibodies in 50 uL FACS buffer/sample:

anti-CD45-PE/Cy5 (103109, RRID:AB_312974), anti-

CD19-PE/Cy7 (115520, RRID:AB_313655), anti-CD3-
BV510 (100233, RRID:AB_2561387), anti-CD4-APC

(100411, RRID:AB_312696), anti-CD8a-PE (100707,

RRID:AB_312746), anti-CD11b-BV605 (101237,

RRID:AB_11126744), anti-MHCII-APC/Cy7 (107627,

RRID:AB_1659252), anti-CD5-PE/Cy5 (100609,

RRID:AB_312738), anti-CD1d-PE (123509, RRID:

AB_1236547), anti-CD138-BV510 (142521, RRID:

AB_2562727). All antibodies were obtained from

BioLegend (San Diego, CA). Cells were incubated in pri-
mary antibodies for 40min. in the dark, followed by the

addition of 50 mL of heat-inactivated FBS (F0926,

Sigma) and centrifugation. For GFPþ recombination

experiments, PacBlue Live/Dead staining (L34955,

Invitrogen) was performed to verify viability in addition

to trypan blue cell counts prior to staining to assess via-

bility. For all analyses, cells were fixed with 1% PFA

(15714-S, Electron Microscopy Sciences) for 7min., cen-
trifuged at 600 rcf, washed with 1� PBS, and resus-

pended in 700 mL of 1� PBS for flow cytometry.

Compensation was performed with unstained control

cells, GFPþ Cnp-Mek1DD cells, and control cell sam-

ples individually stained with each antibody prior to all

analyses with a BD LSRFortessa X-20 equipped with 5

lasers (355 nm, 405 nm, 488 nm, 561 nm, and 642 nm).

10000-50000 events were recorded for all analyses.
Gating analysis was performed using FlowJo software.

Flow Sorting

After spleen dissociation as described above, splenic

immune cells were resuspended at 20 x 106 cells/mL in

FACS buffer. Immunostaining using anti-CD19-PE/Cy7

was performed at a concentration of 0.2 mg/mL in 2mL

total volume. After a 40min. incubation in primary anti-

body, 1mL of heat-inactivated FBS (F0926, Sigma) was
added to each sample before centrifugation at 450 rcf for

6min. Cells were counterstained with DAPI for 15min.

to exclude dead cells (1:10000). After centrifugation at

450 rcf for 6min., cells were resuspended in 1mL of

FACS buffer for flow sorting. Live CD19þ B-cells were

isolated for in vitro experiments using a BD FACSAria II
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SORP. In control samples the CD19þ population was

collected, while in Cnp-Mek1DD samples the

CD19þGFPþ population was collected. Cells were

sorted into B-cell collection media containing 10%

heat-inactivated FBS (F0926, Sigma), 2mM l-glutamine,

50 mm 2-mercaptoethanol (21985023, Thermofisher

Scientific), 1mM sodium pyruvate (11360-070, Gibco),

10mM HEPES (15630-080, Gibco), and 1� pen-strep

in RPMI-1640.

B-Cell Culture

Flow-sorted CD19þ B-cells were centrifuged at 450 g

then resuspended in 1mL B-cell collection media

(described above). Viable B-cells were counted using

trypan blue to exclude dead cells. Samples were then

centrifuged and resuspended at 2 x 106/mL in B-cell cul-

ture media containing 10% heat-inactivated FBS (Lot#

15C487, F0926, Sigma), 2mM l-glutamine, 50 mm 2-mer-

captoethanol (21985023, Thermofisher Scientific), 1mM

sodium pyruvate (11360-070, Gibco), 1� pen-strep, and

10 mg/mL lipopolysaccharides (LPS; L2630, Sigma) in

RPMI-1640. B-cells were plated in 96-well TSS plates

at 2 x 105/well (200 uL/well) and cultured at 37�C for

48 hrs. To examine the production of IL-10 specifically,

additional stimulation was performed with PMA (50 ng/

mL; P1585, Sigma) and ionomycin (500 ng/mL; I9657,

Sigma) for the last 5 hrs. of culture (Yanaba et al., 2008).

Quantitative Reverse Transcription Polymerase Chain

Reaction

Stimulated B-cells were collected from individual wells on

96-well plates and centrifuged at 450 g for 5min.

Supernatant was removed and cells resuspended in 350

uL of RLT buffer from the Qiagen RNeasy Mini Prep kit

(74104, Qiagen), then frozen at -80�C for a minimum of

24 hrs. before additional processing. After thawing on

ice, samples were prepared with the QiaShredder col-

umns (79656, Qiagen) for homogenization followed by

isolation with the Qiagen RNA Mini Prep kit. RNA con-

centration and quality was quantified using the

Nanodrop and 156 ng of RNA was used for each

cDNA reaction using Superscript II (18064014,

Invitrogen). For quantitative reverse transcription poly-

merase chain reaction (qRT-PCR), 1.5 uL of cDNA was

used in each reaction with iTaq Universal SYBR Green

Supermix (1725124, BioRad). Primers used were as fol-

lows: GAPDH Fwd: 50-GATGCCCCCATGTTTG

TGAT-30, GAPDH Rev: 5’GGTCATGAGCCCTTCC

ACAAT-30, IL-10 Fwd: 50-CAGCCGGGAAGACAAT

AACT-30, IL-10 Rev: 50-GTTGTCCAGCTGGTC

CTTTG-30.

Enzyme-Linked Immunosorbent Assay

Conditioned media was collected from stimulated B cells

cultured on a 96-well plate and centrifuged for 5min at

1500 rpm to remove debris. The media was incubated

with the mouse IL-10 Quantikine ELISA kit (M1000B,

R&D Systems) according to manufacturer’s protocol.

Levels of IL-10 were detected using the Gene5 plate

reader (BioTek) at an absorbance of 450 nm.

Statistical Analysis

For experiments comparing two groups, Student’s t test

was used. When comparing two groups with multiple

measurements, as for EAE scoring over time, two-way

repeated measures ANOVA followed by Sidak’s multiple

comparisons test was used. F and p statistics for 2-way

repeated measures ANOVA are reported in relevant

figure legends, and statistical significance in graphs is

represented using p value results from Sidak’s multiple

comparisons test. Sample sizes and p values are reported

in each figure legend. All graphical data is represented as

mean� SEM. For all experiments, ****p � 0.0001, ***p

� 0.001, **p � 0.01, and *p � 0.05 unless otherwise

stated.

Results

Cnp-Cre;Mek1DD/þ Mice Exhibit Improved EAE

Clinical Score

Mice with sustained activation of ERK1/2 in the OL lin-

eage exhibit hypermyelination throughout the CNS, and

thicker remyelination in a focal LPC-induced demyeli-

nated lesion of the spinal cord (Fyffe-Maricich et al.,

2013; Ishii et al., 2013). While previous studies used the

LPC model of demyelination to examine loss and repair

of myelin in the CNS, we wanted to determine whether

sustained ERK1/2 activation in the OL lineage is benefi-

cial in an immune-mediated demyelination model similar

to MS. Therefore, we induced MOG35-55 EAE in female

Cnp-Mek1DD and control littermate mice at 10-14weeks

of age (Figure 1A). EAE clinical severity was assessed

daily starting at 7 days post-induction (dpi) using the

standard scoring protocol, with normal locomotion

scored as 0 and moribund scored as 5. Cnp-Mek1DD

mice exhibited a significantly reduced score versus con-

trol littermates from 13 dpi until the end of scoring at

24 dpi, nearly the entire disease course (Figure 1B;

*p¼ 0.01, **p¼ 0.002 – 0.008, ***p¼ 0.0002 – 0.0005,

****p< 0.0001). Upon further examination, both peak

score (Control¼ 3.7, Cnp-Mek1DD¼ 2.3; p¼ 0.004)

and maximum improvement (Control¼ 0.4, Cnp-

Mek1DD¼ 1.1; p¼ 0.02) were also significantly

improved, while control animals exhibited a standard

Jeffries et al. 5



chronic MOG35-55 disease course for C57Bl/6 mice

(Rangachari & Kuchroo, 2013; Terry et al., 2016). To

validate the observed protective effect in Cnp-Mek1DD

mice, we used tamoxifen inducible Plp-CreERT;Mek1DD-

eGFP/þ (Plp-Mek1DD) and CRE-negative control litter-

mate mice, which exhibit recombination in PLPþ mature

OLs at the time of tamoxifen injection (Ishii et al., 2016;

Jeffries et al., 2016). In order to determine whether

ERK1/2-induced hypermyelination was protective

against the development or severity of ascending hind-

limb paralysis caused by EAE-induced demyelination, we

administered tamoxifen to 6-11week old female Plp-

Mek1DD and control littermate mice 40 days before

inducing EAE (Figure 1C). Previous work has demon-

strated that significant hypermyelination is observed in

Plp-Mek1DD mice between 21-60 days post tamoxifen
(dpt) (Jeffries et al., 2016). EAE induction at 12-
17weeks of age resulted in comparable disease initiation,
as measured by the timing of onset of clinical symptoms
in both Plp-Mek1DD and control mice. Moreover, there
were no significant differences in EAE clinical scores
throughout the 28 days following EAE induction, sug-
gesting that hypermyelination driven by ERK1/2 activa-
tion is not protective against EAE induction or the
severity of the clinical signs that develop (Figure 1D;
p¼ 0.71 – 0.99þ). Cnp-Cre additionally causes loxP-
mediated recombination in OPCs that give rise to
newly-generated mature OLs responsible for remyelina-
tion. To address whether MEK1DD expression in OPCs
results in improved functional score in the EAE model,
we induced EAE in 10-12week old female Pdgfra-
CreERT;Mek1DD-eGFP/þ (Pdgfra-Mek1DD) and con-
trol littermate mice. Upon exhibiting an EAE clinical
score of 1 or greater, each mouse was given tamoxifen
for five consecutive days to induce recombination in
OPCs (Figure 1E). However, this did not result in any
change in EAE disease course in Pdgfra-Mek1DD mice
compared to controls, suggesting that sustained ERK1/2
activity in OPCs does not improve functional score in
EAE during remyelination (Figure 1F; p¼ 0.83 – 0.99þ).

Toluidine blue staining in spinal cord ventral white
matter revealed that both Cnp-Mek1DD and Plp-
Mek1DD mice displayed visible hypermyelination com-
pared to controls at the end of EAE disease course
comparable in magnitude to previously published obser-
vations (Figure 2A and B) (Ishii et al., 2013; Jeffries et al.,
2016). Luxol fast blue staining showed extensive lesions
throughout the white matter of the control spinal cord at
the end of EAE disease course, while no lesions were
visible in the Cnp-Mek1DD spinal cord (Figure 2C). In
order to further investigate changes in Cnp-Mek1DD
EAE spinal cords compared to controls, we immunos-
tained for myelin basic protein (MBP) at 24 dpi. MBP
staining revealed widespread areas lacking MBP in con-
trol spinal cords. Areas with reduced MBP staining were
also apparent in the white matter of the spinal cord of
Cnp-Mek1DD mice, however, these were small and
sparsely distributed (Figure 2D). We found that the per-
centage of white matter that lacked MBP expression was
significantly decreased in the ventral white matter of
Cnp-Mek1DD mice (Figure 2D and E;
Control¼ 28.61%, Cnp-Mek1DD¼ 13.66%;
p¼ 0.0006) but not in the dorsal white matter when
quantifying MBP- area (Figure 2D and E;
Control¼ 21.97%, Cnp-Mek1DD¼ 19.77%; p¼ 0.71).
Despite this, we observed that the ventral white matter
displayed unchanged IBA1þ area (Figure 3A and B;
Control¼ 43.63%, Cnp-Mek1DD¼ 30.49%; p¼ 0.32),
a marker for microglia and macrophages, while dorsal
white matter IBAþ was significantly decreased (Figure

Figure 1. Cnp-Mek1DD Mice Display Reduced EAE Clinical Score
Compared to Controls. A: Schematic diagram showing constructs
for Cnp-Mek1DD mouse and the EAE induction paradigm used. B:
EAE clinical scores from Cnp-Mek1DD (blue) and control (black)
mice, n¼ 9/group. Two-way repeated measures ANOVA was sig-
nificant (F(17,272)¼ 4.876; p< 0.0001). Significance depicted based
on Sidak’s multiple comparisons test after two-way ANOVA. C:
Schematic diagram showing constructs for Plp-Mek1DD mouse and
the EAE induction paradigm used, with tamoxifen (TAM) injections
prior to EAE induction. D: EAE clinical scores from control (black)
and Plp-Mek1DD (red) mice given TAM prior to EAE induction,
n¼ 8-11/group. Two way repeated measures ANOVA was not
significant (F(21,357)¼ 0.75; p¼ 0.78). E: Schematic diagram
showing constructs for Pdgfra-Mek1DD mouse and the EAE
induction paradigm used, with tamoxifen (TAM) injections given at
score � 1 for each mouse. F: EAE clinical scores from control
(black) and Pdgfra-Mek1DD (green) mice given TAM during EAE
disease, n¼ 6-7/group. Two-way repeated measures ANOVA was
not significant (F(18,198)¼ 1.21; p¼ 0.25). All graphical data are
presented as mean� SEM. *p � 0.05, **p � 0.01, ***p � 0.001,
****p � 0.0001.
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3A and B; Control¼ 36.92%, Cnp-Mek1DD¼ 11.27%;

p¼ 0.008). Finally, we immunostained control and Cnp-

Mek1DD 24 dpi spinal cords for CD3, a marker of T-

cells, and CD19, a marker of B-cells (Figure 3C). In all
three control animals, extensive lesions, identified by

DAPI hypercellularity, were observed throughout the

ventral and dorsal white matter (Figure 3C). In contrast,

Cnp-Mek1DD mice displayed very few, small lesions

identified by DAPI, with one animal exhibiting no appar-

ent lesions at all using this method. Within these lesions,

we could identify both CD3þ T-cell infiltration and rare

CD19þ B-cell infiltration (Figure 3C). These images high-

light the very low lesion load of Cnp-Mek1DD mice

during EAE despite apparent activation of microglia/
macrophages and infiltration of CD3þ and CD19þ
cells within existing lesions.

While both Cnp-Mek1DD and Plp-Mek1DD mice

displayed hypermyelination consistent with prior obser-

vations (Fyffe-Maricich et al., 2013; Ishii et al., 2013;

Jeffries et al., 2016), only Cnp-Mek1DD mice developed

an attenuated clinical course of EAE disease.
Additionally, data from Pdgfra-Mek1DD mice demon-

strated that MEK1DD expression in OPCs did not result

in improved EAE disease course. Interestingly, while the

loss of MBP was modest in the ventral white matter of

Cnp-Mek1DD spinal cords compared to controls, an

expansion of IBA1þ area was comparable to controls,

and infiltration of CD3þ T-cells and CD19þ B-cells was

occasionally observed.

The Cnp Promoter Drives CRE Expression in Splenic

Immune Cell Populations

Our data in Cnp-Mek1DD mice revealed significant

improvement in EAE clinical score compared to controls,

yet data using tamoxifen-inducible Plp-Mek1DD or

Pdgfra-Mek1DD mice did not support the conclusion

that MEK1DD expression in the OL lineage provides a

protective or reparative functional benefit. These data

were surprising, given that Cnp-Cre has previously been

reported to cause recombination specifically in the OL

lineage in the CNS (Nishizawa et al., 1985; Trapp

et al., 1988; Lappe-Siefke et al., 2003; Madsen et al.,

2016; Mei et al., 2016; Joseph et al., 2019; Y. Yue

et al., 2019). However, there are reports of Cnp promoter

activity in cell types outside of the CNS, including

immune cell populations (Sheedlo et al., 1984;

McFerran & Burgoyne, 1997; Miyoshi et al., 2001;

Davidoff et al., 2002; F. Yue et al., 2014). Therefore,

we hypothesized that Cnp-Cre was driving recombination

to enable expression of MEK1DD in immune cells that

mediate EAE. In order to determine whether this was the

case, we examined immune cell populations from the

spleens of 8-11week old female Cnp-Mek1DD and

Figure 2. Cnp-Mek1DD Mice Display Hypermyelination and Reduced Lesion Load at the End of EAE Disease Course. A: Representative
toluidine blue images from control and Cnp-Mek1DD spinal cord ventral white matter. Red arrows point to similarly sized axons. Scale
bar¼ 10mm. B: Representative toluidine blue images from control and Plp-Mek1DD spinal cord ventral white matter. Red arrows point to
similarly sized axons. Scale bar¼ 10mm. C: Luxol fast blue staining of control and Cnp-Mek1DD spinal cords at 24 dpi, scale bar¼ 500 mm.
D: Myelin basic protein (MBP, green) and DAPI (blue) immunostaining of control and Cnp-Mek1DD spinal cords at 24 dpi, scale
bar¼ 500mm. E: The % of dorsal white matter (DWM) and ventral white matter (VWM) that is lesioned in control and Cnp-Mek1DD
spinal cords, n¼ 3-4/group.
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control littermate mice. To our surprise, we discovered

that �25-40% of live splenic cells were GFPþ (data not

shown) in Cnp-Mek1DD mice, while CRE-negative con-

trols only exhibited 1-3% GFPþ background. The

absence of CRE but presence of the

R26StopFlMek1DD-eGFP transgene in controls supports

the conclusion that the GFPþ population is a result of

CRE-mediated recombination of the transgene. Upon

further gating analysis, we determined that �50% of

CD19þ B-cells co-expressed GFP (Figure 4A and E;

Control¼ 0.92%, Cnp-Mek1DD¼ 52.61%), �30% of

CD11bþ monocytes co-expressed GFP (Figure 4B and

E; Control¼ 7.58%, Cnp-Mek1DD¼ 29.18%), �25%

of CD3þCD4þ T-cells co-expressed GFP (Figure 4C

and E; Control¼ 1.20%, Cnp-Mek1DD¼ 24.56%), and

�30% of CD3þCD8þ T-cells co-expressed GFP (Figure

4D and E; Control¼ 2.45%, Cnp-Mek1DD¼ 30.49%).

In B-cell and T-cell populations, we observed GFPhi and

GFPlo expressing clusters that were both identified as

GFPþ for analysis. Due to variability in the position of

the GFPlo cluster in the CD19þ B-cell population, in

some samples the GFPlo group could not be included

in the gate, resulting in two distinct trials exhibiting

�40% or �70% recombination (Figure 4E). However,

based on the presence of GFPhi and GFPlo CD19þ B-

cells in all samples regardless of gating, we suggest that

Cnp-Cre drives loxP recombination in �70% of CD19þ

B-cells rather than �50%. In addition, we examined

GFPþ splenic cells and found that �80% of the GFPþ

cells were CD19þ B-cells while �20% of the GFPþ cells

were CD3þ T-cells and only �4% were CD11bþ mono-

cytes revealing that in the spleen, Cnp-Cre primarily

drives loxP recombination in B-cells and T-cells

(Figure 4F and G).
We next examined recombination using female Cnp-

Cre;ROSAmT/mG (Cnp-DR) carrying a double reporter

that results in expression of membrane-bound GFP in

recombined cells. This enabled us to evaluate Cnp-Cre

mediated recombination without the presence of the

R26StopFlMek1DD-eGFP transgene, which might shift

splenic immune cell populations. Flow analysis for

GFP, CD45, CD19, CD3, and CD11b revealed that

nearly 90% of CD19þ B-cells (Supplemental Figure 1A;

Control¼ 0.81%, Cnp-DR¼ 88.43%), �40% of

CD11bþ monocytes (Supplemental Figure 1B;

Control¼ 1.40%, Cnp-DR¼ 42.80%), and �50% of

CD3þ T-cells (Supplemental Figure 1C;

Control¼ 0.55%, Cnp-DR¼ 49.10%) were recombined.

Figure 3. Cnp-Mek1DD Spinal Cords Exhibit Sparse Lesions With Evidence of Immune Cell Infiltration and Inflammation. A: IBA1
immunostaining of control and Cnp-Mek1DD spinal cords at 24 dpi, scale bar¼ 500 mm. B: The % of dorsal white matter (DWM) and
ventral white matter (VWM) that is positive for IBA1 in control and Cnp-Mek1DD spinal cords, n¼ 3-4/group. C: Representative images
of DAPI (blue), CD3 (magenta), and CD19 (red) immunostaining in control and Cnp-Mek1DD lesions at 24 dpi, scale bar¼ 100 mm. White
arrows point to CD19þ B-cells.
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The proportionally higher recombination rates may sug-

gest that the stronger membrane-bound GFP reporter

expressed by Cnp-DR mice identifies additional recom-

bined cells that the fainter cytoplasmic GFP reporter

expressed by Cnp-Mek1DD mice does not.

Importantly, these data further demonstrate that Cnp-

Cre drives recombination in splenic immune cell popula-

tions, particularly in CD19þ B-cells.
In order to confirm that CRE-mediated recombina-

tion in splenic immune populations occurs under control

of the Cnp promoter and not the Plp promoter, we con-

ducted flow cytometry for GFP, CD45, CD19, CD3, and

CD11b on Plp-DR mice. Female Plp-DR and control

littermate mice without Plp-CreERT were administered

tamoxifen to induce recombination at 11weeks of age,

and spleens collected 2weeks after the first tamoxifen

injection for analysis. Importantly, we did not observe

any GFPþ populations in the spleen when gating for

CD19þ B-cells, CD11bþ monocytes, or CD3þ T-cells

(Figure 5A to C). The absence of GFPþ splenic

immune populations in Plp-DR mice supports our con-

clusion that the Cnp promoter drives the expression of

CRE resulting in recombination in splenic immune cell

populations, while other promoters that drive expression

in the OL-lineage such as Plp do not. Taken together,

these data suggest that in addition to the OL lineage, the

Cnp promoter drives CRE expression in splenic B-cells,

T-cells, and monocytes, immune cell populations known

to regulate EAE and other autoimmune diseases.

Constitutively Active MEK1 Expression Increases In

Vitro Activation of Splenic CD19þ B-Cells

MOG35-55 EAE was originally thought to be a T-cell

mediated disease independent of B-cell function

(Mendel et al., 1995; Lyons et al., 1999; Jager et al.,

2009). However, recent studies and the clinical success

of B-cell targeted drugs such as rituximab have revealed

important roles for B-cell populations in EAE and MS

(Mann et al., 2012; Pierson et al., 2014; Ray & Basu,

2014; Parker Harp et al., 2015; Hausser-Kinzel &

Weber, 2019; Pennati et al., 2020). While GFPþ recom-

bined B-cells, T-cells, and monocytes were observed,

recombination was higher in CD19þ B-cells than T-cells

or monocytes (Figure 2A to E), and the majority of

GFPþ cells were CD19þ (Figure 2F and G).

Additionally, limited research has been done to deter-

mine the role of ERK1/2 signaling in the function of

specific B-cell populations. We first wanted to determine

whether expression of MEK1DD resulted in baseline

splenic B-cell population changes. In order to address

this, we labeled splenic cells for CD19, CD1d, CD5,

Figure 4. Cnp-Mek1DD Mice Display GFPþ Recombined Splenic B-Cells, Monocytes, and T-cells. A: Representative flow cytometry dot
plots from control and Cnp-Mek1DD splenic cells showing CD19þ B-cells that are GFPþ, n¼ 6-9/group. B: Representative flow cytometry
dot plots from control and Cnp-Mek1DD splenic cells showing CD11bþ monocytes that are GFPþ, n¼ 6-9/group. C: Representative flow
cytometry dot plots from control and Cnp-Mek1DD splenic cells showing CD3þCD4þ T-cells that are GFPþ, n¼ 6-9/group. D:
Representative flow cytometry dot plots from control and Cnp-Mek1DD splenic cells showing CD3þCD8þ T-cells that are GFPþ n¼ 6-9/
group. E: Graph of the % of CD19þ, CD3þCD4þ, CD3þCD8þ, and CD11bþ cells that are GFPþ in Cnp-Mek1DD spleens, n¼ 9. F:
Representative flow cytometry dot plots from Cnp-Mek1DD splenic cells showing GFPþ cells that are CD19þ, CD11bþ, or CD3þ, n¼ 9.
G: Graph of the % of GFPþ cells that are CD19þ, CD3þ, or CD11bþ in Cnp-Mek1DD spleens, n¼ 9.
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and CD138, each of which mark a defined subset of B-

cells when combined with the CD19 pan-B-cell marker.

The CD19þCD5þCD1dhi B-cell population is associated

with a regulatory B10 cell subset, which has previously

been shown to suppress EAE disease severity

(Matsushita et al., 2008; 2010). Conversely, the

CD19þCD138þ population marks plasmablasts, which

eventually differentiate into antibody-producing

CD19-CD138þ plasma cells that can positively or nega-

tively modulate EAE inflammation (Shen et al., 2014;

Chen et al., 2016; Pollok et al., 2017; Fillatreau, 2019).

We did not observe any significant differences in the per-

centages of CD19þ B-cells in the spleen (Figure 6A and

D; Control¼ 36.60%, Cnp-Mek1DD¼ 40.88%;

p¼ 0.54), CD5þCD1dhi cells out of CD19þ B-cells

(Figure 6B and E; Control¼ 2.22%, Cnp-

Mek1DD¼ 3.03%; p¼ 0.12), or CD138þ cells out of

CD19þ B-cells (Figure 6C and E; Control¼ 9.86%,

Cnp-Mek1DD¼ 12.2%; p¼ 0.07). However, it was of

particular interest for us to examine how the expression

of MEK1DD in CD19þ splenic B-cells affects activation,

which could in turn influence EAE disease course. We
labeled splenic cells from Cnp-Mek1DD and control
mice for CD19, then flow sorted for either CD19þ cells
(in control) or CD19þGFPþ cells (in Cnp-Mek1DD).
Importantly, flow sorting confirmed a recombination
rate of �70% in CD19þ B-cells, with 7 Cnp-Mek1DD
samples exhibiting GFP positivity between 62% and
78.2%, with a mean of 72.3% (data not shown).
CD19þ cells from control and CD19þGFPþ cells from
Cnp-Mek1DD spleens were then cultured for 72 hrs. and
stimulated with LPS in order to induce B-cell prolifera-
tion and activation. After 72 hrs. in culture, B-cells were
labeled for CD19, MHC-II, CD5, CD1d, and CD138 and
analyzed by flow cytometry. Flow analysis revealed that
LPS activation resulted in successful activation of control
CD19þ B-cells, with a high-expressing MHC-IIþ group
evident in both control and Cnp-Mek1DD samples
(Figure 7A and D). The percentage of CD19þ B-cells
that labeled as MHC-IIhi was unchanged between con-
trols and Cnp-Mek1DD stimulated B-cells (Figure 7A
and D; Control¼ 32.75%, Cnp-Mek1DD¼ 46.53%;
p¼ 0.28). However, when examining the percentage of
CD5þCD1dhi cells within the CD19þ population, we
observed a 5-fold significant increase in the numbers of
Cnp-Mek1DD B-cells within this population compared
to controls, a subset of which are regulatory B10 cells
(Figure 7B and E; Control¼ 2.33%, Cnp-
Mek1DD¼ 10.82%; p¼ 0.008). Additionally, we
observed a 3-fold significant increase in the percentage
of CD19þ B-cells expressing CD138 compared to con-
trols, suggesting increased differentiation of B-cells into
plasmablasts (Figure 7C and E; Control¼ 7.22%, Cnp-
Mek1DD¼ 19.87%; p¼ 0.003). Taken together, these
data suggest that activated ERK1/2 in CD19þ B-cells
results in increased expansion of CD5þCD1dhi and
CD138þ B-cell subsets, both of which modulate EAE
disease severity (Matsushita et al., 2008, 2010; Shen
et al., 2014; Fillatreau, 2019).

MEK1DD Expression in Splenic CD19þ B-Cells
Results in Upregulated IL-10 Expression

Cytokine release by immune cells significantly impacts
the severity and progression of EAE disease. For exam-
ple, the proinflammatory cytokine IL-6 is critical for the
induction of EAE through the modulation of Th1, Th2,
and Th17 cell activation and function (Samoilova et al.,
1998; Okuda et al., 1999; Serada et al., 2008), while the
anti-inflammatory cytokine IL-10 significantly reduces
the severity of EAE disease (Bettelli et al., 1998; Xiao
et al., 1998; Cua et al., 1999). Specifically, IL-10 produc-
tion by regulatory B10 cells can suppress EAE disease
initiation in a manner similar to clinical scores seen in
Cnp-Mek1DD mice (Matsushita et al., 2010). We wanted
to determine whether the significant increase in the

Figure 5. Plp-CreERT Does Not Drive Recombination in Splenic
Immune Cells. A: Representative flow cytometry dot plots from
control and Plp-DR splenic cells showing CD19þ B-cells that are
GFPþ, n¼ 3/group. B: Representative flow cytometry dot plots
from control and Plp-DR splenic cells showing CD11bþ monocytes
that are GFPþ, n¼ 3/group. C: Representative flow cytometry dot
plots from control and Plp-DR splenic cells showing CD3þ T-cells
that are GFPþ, n¼ 3/group.
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proportion of CD5þCD1dhi cells in the Cnp-Mek1DD

mice correlated with a significant increase in the expres-

sion of IL-10, which is the cytokine that B10 cells must

produce in order to elicit an immunosuppressive effect in

EAE. Therefore, we ran qRT-PCR for IL-10 using RNA

isolated from LPS-stimulated control and Cnp-Mek1DD

B-cells. We observed a 3-fold significant increase in IL-10
transcription from Cnp-Mek1DD LPS-stimulated B-cells
compared to controls (Figure 7F; normalized to control,
Cnp-Mek1DD¼ 3.05; p¼ 0.009). While published data
indicate that LPS stimulation results in the expansion
of IL-10 producing B10 cells, IL-10 production by
these cells is further increased with the addition of phor-
bol 12-myristate 13-acetate (PMA) and ionomycin in the
last 5 hrs. of culture (Yanaba et al., 2008). Based on this,
we also isolated RNA from LPS and PMAþionomycin
(PI)-stimulated control and Cnp-Mek1DD B-cells. qRT-
PCR analysis revealed that while control B-cells upregu-
lated IL-10 transcription, this increase in expression was
significantly higher in Cnp-Mek1DD B-cells (Figure 7F;
normalized to LPS-stimulated control, Control¼ 4.12,
Cnp-Mek1DD¼ 7.23; p¼ 0.05). We then used an
ELISA assay to determine whether B-cells from Cnp-
Mek1DD mice secreted more IL-10 into the culture
media over 48 hours in response to stimulation. While
LPS stimulation alone did not result in increased IL-10
secretion (Figure 7G; Control¼ 533.4 pg/mL, Cnp-
Mek1DD¼ 595 pg/mL; p¼ 0.73), media from LPSþPI-
stimulated Cnp-Mek1DD B-cells exhibited a significant
increase in IL-10 levels compared to control media
(Figure 7G; Control¼ 838.3 pg/mL, Cnp-
Mek1DD¼ 1231 pg/mL; p¼ 0.02). Taken together,
these data support the conclusion that the increased
response to LPS stimulation by Cnp-Mek1DD B-cells
results in enhanced expansion of IL-10 producing B-cell
subsets, such as B10 cells, and upregulation of anti-
inflammatory cytokine IL-10 transcription and secretion
after LPSþPI stimulation.

Discussion

The ERK1/2 signaling pathway was previously implicat-
ed in regulating remyelination efficiency and thickness,
with mice lacking ERK2 in the OL lineage displaying
delayed remyelination and mice expressing MEK1DD
in the OL lineage exhibiting accelerated remyelination
with thicker myelin sheaths after LPC demyelination
(Fyffe-Maricich et al., 2013; Michel et al., 2015). With
the impressive results from these LPC studies in Cnp-
Mek1DD mice, we wanted to examine how MEK1DD
expression in the OL lineage might affect immune-
mediated de- and remyelination. Strikingly, we observed
a significant improvement in EAE disease course and
white matter lesion load in Cnp-Mek1DD mice com-
pared to controls. However, we were surprised when
experiments using Plp-Mek1DD mice indicated that
ERK1/2 activation in existing OLs during demyelination
did not also protect against EAE induction. Instead, our
data suggest an important role for ERK1/2 signaling in
immune cells, particularly CD19þ splenic B-cells, which
may modulate EAE severity.

Figure 6. MEK1DD Expression in Splenic B-Cells Does Not Alter
B-Cell Populations Pre-Stimulation. A: Representative flow cytom-
etry dot plots from control and Cnp-Mek1DD splenic cells showing
CD19þ B-cells, n¼ 3-4/group. B: Representative flow cytometry
dot plots from control and Cnp-Mek1DD splenic cells showing
CD5þCD1dhi B-cells, n¼ 3-4/group. C: Representative flow
cytometry dot plots from control and Cnp-Mek1DD splenic cells
showing CD138þ plasmablasts, n¼ 3-4/group. D: Graph showing %
of control or Cnp-Mek1DD splenic cells expressing CD19, n¼ 3-4/
group. E: Graph showing % of CD19þ control or Cnp-Mek1DD
splenic cells that are CD5þCD1dhi or CD138þ, n¼ 3-4/group.
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Our data showing no difference in clinical EAE score

severity in Plp-Mek1DD mice given tamoxifen prior to

EAE induction compared to controls suggests that the

functional protection exhibited by Cnp-Mek1DD mice

is not due to hypermyelination. It is important to note

that our data, in line with previous studies, indicates the

extent of hypermyelination is greater in Cnp-Mek1DD

mice compared to Plp-Mek1DD mice (Fyffe-Maricich

et al., 2013; Ishii et al., 2013; 2016; Jeffries et al., 2016).

Although we initially hypothesized that hypermyelina-

tion would be protective against EAE, existing data sug-

gest that extreme hypermyelination similar to that seen in

Cnp-Mek1DD mice can exacerbate EAE severity (Jaini

et al., 2013). Therefore, while we cannot rule out the

possibility that hypermyelination in Cnp-Mek1DD mice

could synergistically provide protection against EAE, it is
likely that immune modulation is the chief factor in the
observed suppression of EAE clinical scores.

Pdgfra-Mek1DD mice given tamoxifen to induce
MEK1DD expression in OPCs during EAE had similar
disease course to controls, suggesting that enhanced
ERK signaling in adult OPCs, and the population of
remyelinating OLs that they give rise to, is not sufficient
to lead to functional improvements in the context of
immune-mediated demyelination . Additionally, Plp-
Mek1DD mice did not exhibit functional improvement
despite existing evidence that pre-existing mature OLs
expressing MEK1DD can contribute to remyelination
after LPC demyelination (Jeffries et al., 2016).
Conversely, Cnp-Mek1DD mice showed significantly
better functional improvement in EAE score compared
to controls, along with the initial reduction in EAE sever-
ity. It is possible that the inflammatory environment of
EAE and ongoing demyelination may functionally over-
ride any improvement on remyelination thickness, such
that even if Pdgfra-Mek1DD or Plp-Mek1DD mice do
exhibit thicker remyelination similar to that observed in
Cnp-Mek1DD mice after LPC injection (Fyffe-Maricich
et al., 2013), it is not sufficient to alter clinical EAE score.
This is possible since it has been shown that inflamma-
tion and axonal pathology contribute heavily to func-
tional impairment in EAE (Wujek et al., 2002;
Lassmann & Bradl, 2017). We further cannot eliminate
the possibility that it is a combination of improved
remyelination and altered immunological response that
results in the improved EAE phenotype of Cnp-Mek1DD
mice. Experiments dissecting the potential contributions
of immune cell modulation and improved remyelination
to either the observed suppression of EAE disease pro-
gression or the improvement of EAE functional score will
be of importance in future studies.

Cnp-Cre mice until now have been used as an OL lin-
eage and Schwann cell-specific Cre mouse line. However,
there have been previous reports of Cnp gene expression
in cells outside the CNS, which the original study using
Cnp-Cre mice mentioned in brief (Lappe-Siefke et al.,
2003). Mouse ENCODE Consortium transcriptome
data reveals high levels of Cnp transcription in adult
spleen and thymus along with brain tissues (F. Yue
et al., 2014). Additionally, a study using Northern blot-
ting to examine Cnp1 transcription in mouse tissues
showed that while expression is highest in the brain,
Cnp1 expression is also evident in spleen, heart, liver,
and lung (Miyoshi et al., 2001). Another study demon-
strated that CNPase activity appears to be highest out-
side of the CNS in the spleen and thymus (Weissbarth
et al., 1981). More specifically, a study examining
CNPase enzymatic activity revealed that while myelin
indeed displays the highest level of CNPase activity,
both human and rat lymphocytes exhibit measurable

Figure 7. MEK1DD Expression Results in Increased B-Cell
Activation After In Vitro LPS Stimulation. A: Representative flow
cytometry dot plots from control and GFPþ LPS-stimulated B-cells
showing MHC-IIhi B-cells, n¼ 3-4/group. B: Representative flow
cytometry dot plots from control and GFPþ LPS-stimulated B-cells
showing CD5þCD1dhi B-cells, n¼ 3-4/group. C: Representative
flow cytometry dot plots from control and GFPþ LPS stimulated B-
cells showing CD138þ plasmablasts, n¼ 3-4/group. D: Graph of the
% of CD19þ cells that are high-expressing MHC-II in control and
Cnp-Mek1DD GFPþ LPS-stimulated B-cells, n¼ 3-4/group. E:
Graph of the % of CD19þ B-cells that are CD5þCD1dhi or
CD138þ in control and Cnp-Mek1DD GFPþ LPS stimulated B-
cells, n¼ 3-4/group. F: Relative mRNA expression of IL-10 in LPS-
stimulated or LPSþPI-stimulated control and Cnp-Mek1DD GFPþ
B-cells, n¼ 3-5/group. *p � 0.05, **p � 0.01.
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CNPase activity (Sheedlo et al., 1984). Finally, human

lymphocytes showed increased CNPase activity in vitro

when stimulated with a mitogenic lectin from Robinia
pseudoacacia, although curiously, the researchers did

not observe a significant increase in CNPase activity

when stimulating fractionated T-cells or B-cells alone
(Sabeur et al., 1986). These studies strongly support our

conclusion that the Cnp promoter is active and drives

CRE expression in splenic immune cells. While previous-

ly undescribed in studies using the Cnp-Cre mouse, it will
be of critical importance to consider immune cell func-

tion when using Cnp-Cre mice in future research.
Despite the knowledge that CNPase is expressed and

active in splenic tissues and immune cells, EAE studies
using mice with gene expression or deletion driven by the

Cnp promoter have variably addressed this. When pan-

creatic ER kinase (PERK) is deleted using Cnp-Cre, this
results in detectable loxP recombination in tail, heart,

and lung tissue in addition to the brain, but not in

spleen or thymus, in contrast to our data using GFP

expression (Hussien et al., 2014). While these mice dis-
play worsened EAE, no change in T-cell infiltration or

macrophage/microglial activation was observed.

Similarly, PCR analysis of activating transcription

factor 4 (ATF4) deletion using Cnp-Cre in a second pub-
lication did not reveal loxP recombination in any tissue

outside of the CNS, and these mice displayed comparable

EAE disease to controls (Y. Yue et al., 2019). A third

publication demonstrated striking attenuation of EAE
severity in adult Cnp-Cre;Chrm1fl/fl mice without effect

on developmental myelination, but potential effects on

immune function were not addressed (Mei et al., 2016).
Another study used Cnp-Cre to delete tumor necrosis

factor receptor 2 (TNFR2), resulting in exacerbated

EAE disease course (Madsen et al., 2016). Interestingly,

in this report the researchers observed increased T-cell
infiltration during peak disease, but did not investigate

whether recombination occurred in immune cell popula-

tions. In a publication using Cnp-Cre to express

ovalbumin (OVA) neoepitopes, adoptive transfer of
OVA-specific T-cells worsened EAE severity; these mice

displayed increased T-cell infiltration and myeloid cell

numbers but no analysis of potential recombination in

host immune cell populations was performed (Rayasam
et al., 2018). One study used the Cnp expression cassette,

rather than Cnp-Cre, to express dominant negative inter-

feron regulatory factor 1 (IRF-1), resulting in strongly

attenuated EAE disease course (Ren et al., 2011).
Importantly, this study validated CNS-specific expres-

sion of the dominant negative IRF-1 downstream of

the Cnp expression cassette, and no changes in peripheral
immune cell populations or function were observed. The

variable data on immune cell recombination when using

the Cnp promoter in EAE studies further underscore the

importance of considering potential changes to immune
function in these models.

Our results indicate that Cnp-Mek1DD spleens exhib-
it approximately 70% CD19þ B-cell recombination, 30%
CD11bþ monocyte recombination, 25% CD4þ T-cell
recombination, and 30% CD8þ T-cell recombination.
However, Plp-DR mice did not demonstrate splenic
recombination, suggesting that Plp-Mek1DD mice,
unlike Cnp-Mek1DD mice, do not have MEK1DD-
expressing splenic immune cells during EAE that may
be contributing to suppression of EAE disease initiation.
Cnp-Mek1DD mice revealed reduced EAE clinical sever-
ity versus controls while Plp-Mek1DD EAE scores were
comparable to controls. Therefore, the decrease in sever-
ity of EAE clinical scores observed in Cnp-Mek1DD
mice is likely being driven primarily by altered immune
cell function and not enhanced ERK1/2 signaling in the
OL-lineage. Previous literature has revealed ERK1/2 sig-
naling promotes the activation of CD4þ T-cells thought
to be primarily responsible for EAE induction, while also
driving activation of cytotoxic CD8þ T-cells and sup-
pressing and destabilizing CD4þFoxP3þ regulatory T-
cells (Dumont et al., 1998; D’Souza et al., 2008; Luo
et al., 2008; Chang et al., 2012; Liu et al., 2013; Guo
et al., 2014). In particular, ERK1/2 signaling has been
shown in several studies to activate EAE-inducing Th1
and Th17 cells (Chang et al., 2012; Liu et al., 2013). In
addition, ERK1/2 signaling has been widely studied in
macrophage development and activation, with evidence
for ERK1/2 activation promoting proinflammatory
polarization (Rao, 2001; Traves et al., 2012). Because
the expression of MEK1DD results in sustained ERK1/
2 activation, it seems unlikely that recombined monocyte
or T-cell populations in Cnp-Mek1DDmice are the cause
of reduced EAE severity. However, it is important to
note that we cannot eliminate the possibility that effects
on these cell populations contribute to the observed effect
on EAE disease course. Therefore, future studies will
need to examine the role of ERK1/2 signaling in Cnp-
Mek1DD T-cells and macrophages during EAE.

With the recent clinical success of B-cell targeted drugs
like Ocrevus and Rituximab, there has been increasing
interest in the roles of various B-cell populations in MS.
Studies using the EAE model of demyelination have
revealed mixed results in regard to B-cell necessity and
function. While some reports have suggested that B-cells
are unnecessary for EAE induction and progression,
others have shown important modulatory roles for B-
cells in EAE disease (Mann et al., 2012; Pierson et al.,
2014; Ray & Basu, 2014; Parker Harp et al., 2015;
Hausser-Kinzel & Weber, 2019). In addition to this, pre-
vious work has highlighted the importance of ERK1/2
signaling in B-cell development and activation, with B-
cell Receptor (BCR) ligation resulting in ERK1/2 activa-
tion (Richards et al., 2001; Jacob et al., 2002; Rui et al.,
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2006; Gold, 2008; Teodorovic et al., 2014; Adem et al.,

2015). When stimulated in vitro, B-cells expressing

MEK1DD exhibited increased numbers of CD5þCD1dhi

B-cells as well as CD138þ plasmablasts, along with signif-

icantly upregulated IL-10 transcription and secretion.

Previous research has found that both regulatory B10

cells, associated with the CD5þCD1dhi subset, as well as

CD138þ plasmablasts are able to secrete IL-10

(Matsushita et al., 2008, 2010; Matsumoto et al., 2014;

Shen et al., 2014; Rojas et al., 2019). Multiple studies

have shown the importance of IL-10 in modulating EAE

severity (Bettelli et al., 1998; Xiao et al., 1998; Cua et al.,

1999). In particular, increased IL-10 expression by regula-

tory B10 cells has been shown to inhibit the development

of EAE disease in a pattern similar to that observed in

Cnp-Mek1DD mice, despite low B-cell infiltration into the

CNS (Matsushita et al., 2010; Mann et al., 2012).

Excitingly, very recent publications demonstrate that the

adoptive transfer of IL-10 producing regulatory B10 cells

results in immunosuppression and concurrently promotes

oligodendrogenesis and remyelination in the EAE model

(Pennati et al., 2016; 2020). ERK1/2 signaling has been

implicated in IL-10 expression in multiple cell types

(Saraiva & O’Garra, 2010; Iyer & Cheng, 2012; Kubo &

Motomura, 2012; Sanin et al., 2015; Garaud et al., 2018;

Zhang & Kuchroo, 2019). Of particular interest are data

revealing that in both human and mouse B-cells, TLR-

mediated ERK1/2 activation is critical to induce IL-10

production, suggesting that the expression of MEK1DD

may directly upregulate IL-10 transcription in splenic B-

cells (Liu et al., 2014; Sutavani et al., 2018). Taken togeth-

er, these data suggest that ERK1/2 signaling promotes

splenic B-cell activation and the expansion of

CD5þCD1dhi and CD138þ B-cell subsets, and may drive

IL-10 expression in one or both of these populations.
This study presents novel data indicating that Cnp-Cre

drives recombination in splenic immune cell populations,

in particular CD19þ B-cells. Additionally, we determined

that sustained ERK1/2 signaling in splenic B-cells results

in enhanced activation of CD5þCD1dhi and CD138þ

subsets of B-cells and increased IL-10 expression, which

may contribute to the inhibition of MOG35-55 EAE dis-

ease progression. In conclusion, our data support the

concept that downstream effectors of the ERK1/2 signal-

ing pathway modulating B-cell function may be potential

therapeutic targets in immune-mediated demyelinating

diseases such as MS.

Summary Statement

ERK1/2 activation solely in oligodendrocyte-lineage cells

does not provide a functional benefit in the context of

EAE-mediated demyelination. Sustained ERK1/2 activa-

tion in both OL-lineage as well as B-cells, however,

results in increased IL-10 expression and the attenuation
of immune-mediated demyelination.
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