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It is assumed that the onset and course of autoim-
mune inflammatory central nervous system (CNS)
disorders (eg, multiple sclerosis) are influenced by
factors that afflict immune regulation as well as CNS
vulnerability. We challenged this concept experimen-
tally by investigating how genetic alterations that af-
fect myelin (primary oligodendrocyte damage in
PLPtg mice) and/or T-cell regulation (deficiency of
PD-1) influence both the onset and course of an ex-
perimental autoimmune CNS inflammatory disease
[MOG;4 5s-induced experimental autoimmune encepha-
lomyelitis (EAE)]. We observed that double pathology
was associated with a significantly earlier onset of dis-
ease, a slight increase in the neurological score, an
increase in the number of infiltrating cells, and en-
hanced axonal degeneration compared with wild-type
mice and the respective, single mutant controls. Dou-
ble-mutant PLPtg/PD-1"/~ mice showed an increased
production of interferon-y by CNS immune cells at the
peak of disease. Neither PD-1 deficiency nor oligoden-
dropathy led to detectable spread of antigenic MHC
class I- or class II-restricted epitopes during EAE. How-
ever, absence of PD-1 clearly increased the propensity
of T lymphocytes to expand, and the number of clonal
expansions reliably reflected the severity of the EAE
disease course. Our data show that the interplay be-
tween immune dysregulation and myelinopathy results
in a stable exacerbation of actively induced autoim-
mune CNS inflammation, suggesting that the com-
bination of several pathological issues contributes
significantly to disease susceptibility or relapses in
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human disease. (4m J Pathol 2009, 174:2290-2299; DOI:
10.2353/ajpath.2009.081012)

Multiple sclerosis (MS) is a relatively frequent neurologi-
cal disorder of young adults characterized by demyeli-
nation, inflammation, and axonal damage of the central
nervous system (CNS).' Experimental autoimmune en-
cephalomyelitis (EAE) in rodents is a widely used animal
model for MS mimicking typical neurological symptoms
such as paralysis and ataxia. Experimental disease as
well as MS lesions are characterized by inflammation,
demyelination, and accompanying axonal damage.? Ac-
tive immunization with CNS-specific protein antigens
such as myelin antigens induces CD4* Th1- and inter-
leukin (IL)-17-dominated immune response.®®

A broad variety of factors modulate the disease
courses of MS and EAE. Histopathology as well as clini-
cal course of MS shows considerable heterogeneity. Dif-
ferent histopathological patterns have been proposed,®
some of which, namely pattern Il and IV, include primary
oligodendrocyte damage or death.” In the last years,
several cases were described, in which mutations in the
most abundant myelin protein of the CNS, proteolipidpro-
tein (PLP), were associated with primary progressive or
relapsing remitting MS.8° It is therefore highly interesting
to investigate how alterations in myelin proteins interplay
with the immune system. Genetic variations of myelin
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proteins might be modulators or even causative for the
disease pathogenesis.

Recently, we investigated a mouse model, the trans-
genic PLP-overexpressing (PLPtg) mouse, ' which spon-
taneously develops CNS inflammation with accumulation
of both CD11b™* microglial cells and CD8" T lympho-
cytes. The pathogenetic relevance of these cells was
proven when crossbreeding PLPtg mice with RAG-1-
deficient mice, which lack mature B or T lymphocytes.
Absence of T lymphocytes led to an amelioration of the
phenotype, '’ the pathogenetically relevant lymphocytes
were clonally expanded CD8" T cells.'®

Being aware of this context, it was interesting to inves-
tigate the influence of immune modulators in this model of
primary oligodendropathy. As important candidates re-
sponsible for tissue immune homeostasis and the main-
tenance of tolerance we assumed members of the B7/
CD28 family: T cells express co-stimulatory and co-
inhibitory molecules. A co-stimulatory signal delivered by
ligation of CD80 or CD86 on antigen-presenting cells
(APCs) and CD28 on T cells is essential for the activation
of T cells and maturation toward effector function. Other
molecules are responsible for the termination of immune
responses and induction or maintenance of tolerance.’
Important members of this family of co-inhibitory mole-
cules are programmed death (PD)-1 (CD279) and its
ligands PD-L1 (B7-H1, CD274) and PD-L2 (B7-DC,
CD273). PD-1 is expressed on activated T and B lympho-
cytes and myeloid cells. Its ligand B7-H1 is expressed on
a broad variety of cells, including lymphocytes, APCs,
and tissue cells such as pancreatic islet cells,'* endo-
thelial cells,™ liver cells,'® or microglial cells.” In con-
trast, PD-L2 was mainly detected on dendritic cells.'®
The PD-1/B7-H1 pathway has been studied extensively,
implying a predominantly negative regulatory role. PD-1
deficient mice develop spontaneous strain-dependent
autoimmune diseases such as lupus-like disease in C57/
BL/6 mice'® or autoantibody-mediated cardiomyopathy
in BALB/c mice.?® Similarly, blockade and deletion of
PD-1 has been shown to result in exacerbation of dis-
eases such as EAE,?"?? inherited peripheral nerve,®
and CNS demyelination,®* diabetes,?>?° or allograft
rejection.?”

Our group could demonstrate that a PD-1 polymor-
phism was associated with a progressive disease course
of MS,?® indicating that PD-1 acts as a disease-modifying
factor in human autoimmunity. Genetic ablation of B7-H1
(PD-L1) is associated with an accelerated and worsened
EAE disease course,?® a consequence of the limited
ability of CNS parenchymal cells to restrict CNS-specific
immune responses via the B7-H1/PD-1 pathway.?9:%°
Thus, a functional PD-1/B7-H1 pathway is an important
regulator of immune homeostasis and tissue tolerance.

In the present study, we investigated how the combi-
nation of genetic alterations affecting myelin (primary
oligodendrocyte damage in PLPtg mice) and/or affecting
T-cell regulation (PD-1 deficiency) influence the onset
and course of an experimental autoimmune CNS inflam-
matory disease [myelin oligodendrocyte glycoprotein
(MOG)35.55 induced EAE]. This experimental setup could
mimic a situation in which genetics predispose a combi-
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nation of a CNS vulnerability factor (myelinopathy) together
with an immune regulatory impairment (PD-1 dysfunction)
and encounter an acute CNS-directed inflammatory re-
sponse. We demonstrate that combined pathology leads to
a very stable and accelerated experimental autoimmune
CNS inflammation.

Materials and Methods

Animals and Determination of Genotypes

PLP transgenic mice'® were bred and genotyped as
described previously.'" In short, the transgene was poly-
merase chain reaction (PCR)-amplified using the primer
set 5'-CAGGTGTTGAGTCTGATCTACACAAG-3’ and 5'-
GCATAATACGACTCACTATAGGGGATC-3" with an an-
nealing temperature of 55°C and an elongation time of 45
seconds at 72°C. PD-17/~ mice®" were genotyped as
previously described with the primer pair 5’-CCGCCT-
TCTGTAATGGTTTG-3" and 5'-TGTTGAGCAGAAGA-
CAGCTAGG-3’ for the wild-type allele, an annealing tem-
perature of 54°C, and an elongation time of 45 seconds.
The knockout allele was detected with the primer pair
5'-GCCCGGTTCTTTTTGTCAAGACCGA-3" and 5'-ATC-
CTCGCCGTCGGGCATGCG CGCC-3' at an annealing
temperature of 60°C and an elongation time of 45 sec-
onds. PCR products were visualized on an agarose gel
with the wild-type band at 690 bp and the knockout band
at 400 bp. PLPtg mice were crossbred with PD-17/~
mice. All mice were bred on a C57/BL/6 background for
more than 10 generations and all animal experiments
were approved by the local authorities (Regierung von
Unterfranken, experiment number 54-2531.01-36/06).

Induction and Scoring of EAE

Active EAE was induced in age- and sex-matched litter-
mate mice by subcutaneously injecting 100 ug of
MOGg;5.55 peptide (EVGWYRSPFSRVVHLYRNGK; syn-
thesized and high performance liquid chromatography-
purified by Rudolf Volkmer, Charite, Berlin, Germany) as
described previously.?® MOG,; <5 peptide was emulsi-
fied with an equal volume of complete Freud’s adjuvant,
containing Mycobacterium tuberculosis H37RA (Difco, De-
troit MI) at a final concentration of 1 mg/ml. Additionally,
the mice received two intraperitoneal injections of pertus-
sis toxin (400 ng per mouse; List Biological Laboratories,
Campbell, CA) at the time of immunization and 48 hours
later. Mice were weighed and observed daily for clinical
signs and scored based on the following scale (EAE
score): 0, no disease; 1, limp tail; 2, hind limp weakness;
3, hind limp paralysis; 4, hind and fore limp paralysis; 5,
moribund or death. Scores are shown as mean daily
clinical scores for all mice per group (n = 4 to 6 per

group).

Purification of Splenocytes

Splenocytes were harvested as described before™ "2 by
passing them through a 70-um cell strainer (BD Bio-
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sciences Pharmingen, San Jose, CA). Erythrocyte lysis
was performed with a hypo-osmolar lysis buffer (150
mmol/L NH,Cl, 10 mmol/L KHCOg, 0.1 mmol/L ethyl-
enediaminetetraacetic acid in distilled water at pH 7.3)
for 5 minutes at room temperature. Afterward, cells were
washed and processed for consecutive experiments.

Purification of Mononuclear Cells from Cervical
Lymph Nodes

Cervical lymph nodes were prepared and the tissue was
disrupted by grinding between object trays. Cells were
then passed through a 40-um cell strainer (BD Bio-
sciences Pharmingen). Afterward, cells were washed
and processed for the respective experiments.

Preparation of CNS Mononuclear Cells

Mice were euthanized with CO, and transcardially per-
fused with cold 0.1 mol/L phosphate-buffered saline
(PBS). The brains were dissected and the spinal cords
were flushed out with PBS by hydrostatic pressure. After-
wards, CNS tissue was homogenized, washed, and sep-
arated over a cold Percoll (Amersham Biosciences,
Freiburg, Germany) gradient. Cells were harvested from
the 30 to 50% Percoll interface, washed, and used for
following experiments.

Tissue Preparation and Immunohistochemistry

For identification of CD11b™* macrophage-like cells, mice
were transcardially perfused with 4% paraformaldehyde
in 0.1 mol/L cacodylate followed by tissue dissection of
optic nerves and spinal cords from the brainstem to the
lumbar regions, postfixation in the same fixative for 2
hours, and cryoprotection in 30% sucrose overnight. Al-
ternatively, mice were perfused with 0.1 mol/L PBS fol-
lowed either by direct snap-freezing of the dissected
tissue (for CD4" and CD8™ T-lymphocyte immunohisto-
chemistry) or postfixation in 4% paraformaldehyde in PBS
for 2 hours (for neurofilament immunohistochemistry) and
then subsequent embedding in Tissue-Tek OCT com-
pound (Miles Laboratories, Elkhart, IN). After snap-freez-
ing, 10-um-thick longitudinal sections of the optic nerves
and transverse sections of the spinal cords were cut. For
immune cell analysis, lumbar spinal cords were used,
whereas for neurofilament immunohistochemistry, sec-
tions were taken from the beginning of the cervical en-
largement to ensure that the same regions were analyzed
in all mice.

Immunohistochemical stainings were performed as
described before."32 Nonspecific binding was blocked
for 30 minutes in 5% normal bovine serum and then
sections were incubated with the primary antibodies di-
luted in 1% normal bovine serum (overnight, 4°C). Acti-
vated macrophage-like cells were detected with rat anti-
mouse CD11b (Serotec, Oxford, UK); rat anti-mouse CD4
(Serotec) and rat anti-mouse CD8 (Chemicon, Temecula,
CA) antibodies were used for the identification of T lym-

phocytes. To identify all axons (myelinated and demyeli-
nated), sections were incubated with antibodies against
phosphorylated neurofilament (SMI-31;  Sternberger
Monoclonals, Lutherville, MD) and nonphosphorylated
neurofilament (SMI-32) in combination or alone. Detec-
tion of primary antibodies was achieved by using a bio-
tinylated secondary antibody to rat Igs (macrophage-like
cells, T-cell antibodies) or mouse Igs (SMI-31 and SMI-
32) for 1 hour, followed by avidin/biotin reagent (DAKO,
Carpinteria, CA) before incubation and staining with dia-
minobenzidine-HCI (DAB) and H,O,. The specificity was
controlled by omission of the primary antibodies.

Quantification of Immune Cells and Axons in the
CNS

Lumbar spinal cord cross sections and longitudinal sec-
tions of the optic nerve of wild-type, PD-17/~, PLPtg, and
PLPtg/PD-1"/~ mice were examined. Quantification of
CD4™", CD8™", and CD11b™ cells was performed in lon-
gitudinal sections of the complete optic nerve or lumbar
sections of the spinal cord using a Zeiss (Oberkochen,
Germany) Axiophot2 microscope at a final magnification
of X300. The number of positively labeled cells was
calculated per mm?. The area was measured using
digital images acquired via a charge-coupled device
camera and ImagePro 4.0 software (Media Cybermetics,
Silver Spring, MD). Axonal density was determined within
preselected fields (500 wm? in area) at specific sites
within the dorsal column (cuneate fasciculus), dorsal cor-
ticospinal tract, as well as in ventral and lateral fascicu-
lus. Stained axons were counted using MetaVue Software
(Molecular Devices, Downingtown, PA).

Enzyme-Linked Immunosorbent Assay (ELISA)

Splenocytes (1 X 10°) were cultured overnight with and
without MOG5_55 peptide (10 pg/ml). After 24 hours, the
supernatant was collected and analyzed by ELISA (R&D
Systems, Minneapolis, MN) according to the manufactur-
er's recommendations. Readout was performed with an
Original Multiskan EX ELISA reader (Labsystems, Helsinki,
Finland).

ELISPOT Assays

Splenocytes, lymph nodes, and CNS-derived lympho-
cytes were investigated during the priming phase (day 7
after immunization), the peak of disease (approximately
day 15), and in the late phase of disease (day 20). CNS
lymphocytes (5 X 10 or 1 X 10° lymph node lympho-
cytes or splenocytes per well were incubated for 24 hours
in provided 96-well plates, unstimulated or stimulated
with either MOGg5 55 peptide (10 ug/ml), mixed MHC
class | restricted peptides (PLP peptides: VCGSNLLSI,
AATYNFAVL, ATYNFAVL, NYQDYEYL; MOG peptides:
LICYNWL, VGLVFLFL, SPGKNATGM, FYWVNPGVL; one
MBP peptide: ADPGNRPHL; from Genscript Corp., Pis-
cataway, NJ, used at 200 nmol/L or five mixed MHC class



Il restricted peptides: MOG5.1o7 (LKVEDPFYWVSPGVL),
MOG 50.134 (YWVSPGVLTLIALVP), MOGgs.197 (FVIVP-
VLGPLVALIIl), MBPg,,, (SHHAARTTHYGSLPQKSQR),
PLP,g.191 (NTWTTCQSIAFPSK) (from EMC Microcollec-
tions, Tuebingen, Germany). Interferon (IFN)-y and IL-17
ELISPOT assays were performed according to the man-
ufacturer’s instructions (BD Pharmingen, San Diego, CA;
R&D Systems). Spots were quantified by CTL Europe
(Aalen, Germany) using ImmunoSpot 4.0.17.

Spectratyping

The CDRS3 spectratyping with the corresponding primers
was performed as described previously. 232 Briefly, PCR
with a CpB-specific reverse primer and 24 VB-specific
forward primer was performed on cDNA transcribed from
500 ng of leukocyte mRNA derived from spleens or CNS.
The following PCR steps were applied: 94°C, 1 minute;
94°C, 1 minute 10 seconds; 60°C, 1 minute; 72°C, 4
minutes (40 steps); 72°C, 10 minutes. Thirteen fluores-
cence-labeled reverse primers (12 B, 1 CB) were used
to label each VB-CB PCR product during PCRs. The PCR
steps were: 94°C, 2 minutes, 60°C, 1 minute, 72°C, 15
minutes (five steps). The labeled PCR products (VB-J8,
VB-CB) were analyzed on an ABI Prism 3130 capillary
sequencer (Applied Biosystems, Foster City, CA) regard-
ing their length and distribution, using a module for frag-
ment analysis. As an internal length standard, 500-ROX
(Applied Biosystems) was applied for every sample.

Statistical Analysis

The unpaired two-tailed Student’s t-test was used for
comparison of quantified profiles. Scores were analyzed
by using the nonparametric Mann-Whitney U-test and the
Kruskal-Wallis test.

Results
Absence of PD-1 Alters Onset of EAE

To investigate the influence of combined primary oligo-
dendrocyte damage and a defective T-cell inhibition on
the EAE disease course, we immunized PLPtg/PD-1"/~
mice with MOGg5_ 55 peptide. As controls we used wild-
type, PD-17/7, and PLPtg mice. After titration experi-
ments with different doses of antigen (data not shown),
experiments were performed with a relatively low dose of
MOG;5.55 pPeptide (100 ng) to detect putatively higher
susceptibilities for the disease, especially because PD-1
is known to act mainly under submaximal stimulatory
conditions.

Mice with a combined pathology (PLPtg/PD-1"/~
mice) had an earlier onset of disease, as reflected by the
disease course, the relative number of normal appearing
mice after immunization, and the mean day of onset
(Table 1), which was significant in all experiments com-
pared with wild-type mice. In addition, assessment of the
EAE score always revealed a significantly more pro-
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Table 1. Significantly Earlier Onset of Disease in PLPtg/
PD-1"/" Mice
Mean
Mean day maximal
Group of onset* score’ Median*
wt 133+ 2.2 29+03 3.0
PD-17/~ 124 +17 36+ 1.1 4.0
PLPtg 118+ 26 20+12 25
PLPtg/PD-17/~ 10.6 + 0.8%** 26 *+0.0 2.5
wt 17.0 = 3.3 28+ 05 2.0
PD-17/~ 12.5 = 2.6%** 3.3x09 3.0
PLPtg 14.0 = 3.1 26*+04 2.5
PLPtg/PD-17/~ 10.5 + 2,351 28+0.3 3.0
wt 133+ 2.3 21+12 25
PD-17/~ 115+11 19+x1.1 2.5
PLPtg 13.3 + 2.3 1.7 +141 25
PLPtg/PD-17/= 10.9 = 1.85 2.8 + 0.4k 3.0
wt 125+ 0.6 11+1.0 1.0
PD-17/~ 106 = 1.8 2.9 + 0.45 3.0
PLPtg 11.2+13 3.0 £ 0.5% 3.0
PLPtg/PD-17/~ 10.6 + 0.95TT 34 + Q.28+ 35
wit 128+ 1.6 08=*+0.6 1.0
PD-17/~ 11.3+x22 2.2+ 0.85H 2.5
PLPtg 112x24 1.7 = 0.65+ 15
PLPtg/PD-17/~ 10.6 = 21511 23 = 0.85 25
wt 133+ 15 18+ 14 1.8
PD-17/~ 128 = 2.1 20*+11 2.0
PLPtg 13.0+ 1.0 1.0+06 1.0
PLPtg/PD-17/~ 11.6 + 0.6%/* 2.7 0.6t 2.5
wt 124 +15 1.7+x1.4 2.0
PD-17/~ 12.4 = 1.4 26+ 12 3.3
PLPtg 11.3+x17 1.9+09 .3

2
PLPtg/PD-17/~ 9.5 = 128IH#1t 3 4 = o gsltt 35

*Mean day of disease onset was calculated only for the mice that
developed EAE during the time of investigation. Note significantly
earlier onset of disease in PLPtg/PD-17/~ mice compared with wild-
type (wt) mice. Mean maximal score () and median (*) were calculated
for all mice in the group.

SSignificant differences compared with wild-type mice (Student’s
t-test).

fSignificant differences compared with PD-17/~ mice.

ISignificant differences compared with PLPtg mice. Data represent
mean * SD, n = 3 to 8 per group.

P values =0.05 were considered significant,”*P value <0.05, TtP
value =0.01, P value =0.001.

nounced disease onset in PLPtg/PD-1"/~ double mutants
compared with the wild-type control group (Table 1; Fig-
ure 1, A and B).

PD-17/~ mice usually showed a similar disease course
like PLPtg/PD-1"/~ mice, but displayed much broader
interindividual variations with a slightly delayed disease
onset compared with double mutants. Initially, the slope
of the disease curve developed similarly in wild-type and
PLPtg mice. After ~15 to 20 days, all groups exhibited
comparable disease scores (Table 1, Figure 1A) with
slightly higher levels in the absence of PD-1. Neverthe-
less, when comparing the mean maximal score, in five of
seven experiments, PLPtg/PD-1"/~ mice showed a sig-
nificantly higher mean maximal score. Disease incidence
and mortality rate, which was generally low, did not differ
significantly between the groups. Taken together, PLPtg/
PD-17/~ mice developed disease significantly earlier and
reached a higher mean maximal score compared with
wild-type mice.
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Figure 1. PLPtg/PD-1""" mice show earlier and more pronounced onset
of EAE. A: Wild-type (wt), PD-17/7, PLPtg, and PLPtg/PD-1""" mice were
immunized with MOG,5_s5. PLPtg/PD-1""" show a significantly earlier
onset and stronger disease course compared with wild-type mice. At later
time points, EAE disease scores are similar in all groups, as reflected by
lack of statistical significance. The figure shows one representative of
seven experiments. *P < 0.05, *P = 0.01. n = 5 mice per group. B:
Relative number of mice displaying no clinical alterations (score 0) after
immunization. These two representative experiments clearly reflect early
onset of disease in PLPtg/PD-1"/" mice (7 = 5 mice per group).

Absence of PD-1 and Overexpression of PLP Is
Associated with Increased Numbers of Immune
Cells in the CNS

To quantify lymphocytes and macrophage-like cells in neu-
ral tissue, immunohistochemistry for CD4, CD8, and CD11b
was performed on cross sections of the lumbar spinal cord
and longitudinal sections of the optic nerve during EAE.
CD4™ cells were significantly more frequent in spinal cords
of PLPtg/PD-1"/~ mice compared with wild-type mice.
PLPtg and PD-1~/~ mice both showed higher amounts than
wild-type mice, but differences were not statistically signif-
icant (Figure 2A). A similar trend lacking statistical signifi-
cance was detectable in optic nerves (Figure 2B). In con-
trast, CD8™ lymphocytes were significantly elevated both in
spinal cord (Figure 2C) and optic nerve (Figure 2D) in
PLPtg/PD-1"/~ mice compared with wild-type mice. Regard-
ing the spinal cord, PLPtg and PD-17/" single mutants
showed a stronger accumulation of cells than wild types.
CD11b™* macrophages were also significantly more frequent
in spinal cords of PLPtg/PD-1""~ mice compared with wild-
type mice (Figure 2, E and F), which was neither detectable in
PLPtg and PD-1"/~ mice nor in optic nerves of all groups
(Figure 2G). Healthy mice which were investigated at the same
age (2 months) did not show significant differences between
the genotypes for CD4" (Figure 2H) and CD8™" (Figure 2I)
lymphocytes and CD11b™ macrophage-like cells (Figure 2J).
Taken together, combined pathology is associated with higher
numbers of CD4" and CD8* T cells and higher numbers of
macrophages in the spinal cord of EAE mice.

Double-Mutant PLPtg/PD-1~"~ Mice Exhibit
Highest Axonal Loss during EAE

To determine whether differences in the CNS-infiltrating T
cells and macrophages in double mutants were associ-
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Figure 2. PLPtg/PD-1"/" mice show elevated numbers of immune cells in
the CNS. Quantification of immune cells in the spinal cord (A, C, F) and optic
nerve (B, D, G) of wild-type (wt), PD-17/7, PLPtg, and PLPtg/PD-1""" mice
at the peak of disease (17 = 3 to 5). Quantification includes CD4" (A, B) and
CD8" (C, D) lymphocytes and CD11b™ macrophages (F, G). E: Represen-
tative CD11b immunohistochemistry on cross-sections of the ventral part of
lumbar spinal cord. Arrows indicate accumulation of CD11b™ macrophages.
H-J: Quantification of CD4" (H) and CD8" (D lymphocytes and CD11b*
macrophage-like cells (J) in healthy mice of the same age. Error bars repre-
sent standard deviations. *P < 0.05, *P = 0.01. Scale bar = 200 um.

ated with more pronounced axonal damage we performed
quantitative immunohistochemistry against phosphorylated
and nonphosphorylated neurofilament in the cervical spinal
cord 50 days after induction of EAE. A significant reduction
of total neurofilament was observed in the absence of PD-1
(independent from the absence or presence of the PLP
transgene) in the ventral, lateral, and dorsal funiculus and in
the corticospinal tract. Interestingly, the amount of defec-
tive, nonphosphorylated neurofilament was highest in
PLPtg/PD-1""~ mice, which was significant compared with
wild-type mice in all investigated areas and for the dorsal
funiculus and in the corticospinal tract compared with
PD-1"/~ and PLPtg mice, thereby reliably reflecting the
clinical score in these mice (Figure 3, A and B).

Absence of PD-1 Is Associated with Higher
Production of IFN-vy by Splenocytes during the
Early Phase of Disease

We next investigated whether differences in the produc-
tion of proinflammatory cytokines were associated or re-
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Figure 3. PLPtg/PD-1""" mice show elevated numbers of dephosphorylated
neurofilament in the spinal cord. A: Quantification of nonphosphorylated
neurofilament in the cervical spinal cord of wild-type (wt), PD-1, PLPtg, and
PLPtg/PD-l”/’ mice (17 = 3 to 4). Investigated areas include ventral funic-
ulus (VF), lateral funiculus (LF), corticospinal tract (CST), and dorsal funic-
ulus (DF). B: Representative examples of SMI32* swollen axonal profiles in
the spinal cord (arrows). Error bars represent standard deviations. *P < 0.05,
*P = 0.01. Scale bar = 10 um.

sponsible for the observed differences. IFN-y was mea-
sured as an indicator cytokine strongly regulated during
EAE and closely correlated to CNS damage.®* To first
elucidate if PD-1 influences the secretion of IFN-y during
EAE, we investigated the IFN-y levels by ELISA in the
supernatant of splenocytes from wild-type and PD-17/~
mice at different time points of disease. At day 7 after
immunization, before the actual onset of disease, signif-
icantly more IFN-y was secreted by PD-17/" splenocytes
after re-stimulation with MOG5 55 peptide (see Supple-
mental Figure S1A at http://ajp.amjpathol.org).

At the peak of disease (day 13), there was still a trend
toward a higher production of IFN-y by PD-17/~ spleno-
cytes and the amounts of secreted IFN-y had substan-
tially increased, but this was no longer significant (see
Supplemental Figure S1B, see http://ajp.amjpathol.org).
In the late phase of the disease (day 17), PD-1~/~ spleno-
cytes did not produce detectable levels of IFN-y and also
the amount in wild-type splenocytes dropped to levels
comparable with day 7 (see Supplemental Figure S1C,
see http.//ajp.amjpathol.org).

Double-Mutant PLPtg/PD-1~"~ Mice Show
Increased Production of IFN-vy in the CNS at the
Peak of Disease

To investigate the production of IFN-y in detail, we har-
vested lymphocytes from the CNS, cervical lymph nodes,
and the spleen at various time points after immunization in
the different genotypes. Moreover, we used a highly sensi-
tive Elispot assay. In the early phase of disease (day 7),
when stimulated with MOGig_ss, IFN-y production was sig-
nificantly elevated in splenocytes of PD-1"/~ and PLPtg/
PD-17/~ mice compared with wild-type and PLPtg mice
(Figure 4A). At later phases of disease (day 15 after immu-
nization), splenocytes of all groups exhibited a strong IFN-y
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Figure 4. CNS-derived cells from PLPtg/PD-1"/" mice produce higher
amounts of TFN-y* at the peak of disease. IFN-y ELISPOT assays were
performed on splenocytes (A) and CNS-derived lymphocytes (B) under
restimulation with MOG s s5. A: Higher amounts of IFN-y* cells were de-
tected in PD-17/" and PLPtg/PD-1"/" mice in the early phase of EAE (day
7). B: IFN-y" cells are significantly more frequent in PLPtg/PD-1""" at the
peak of disease (day 13). In these experiments, lymphocytes were pooled
from three mice per group. *P < 0.05.

response when stimulated with MOGg, .55, Which did not
differ significantly between the groups (data not shown).

A delayed pattern of IFN-y production could be observed
in lymphocytes derived from cervical lymph nodes restim-
ulated with MOG45_55. At day 7, only low amounts of cells
produced IFN-y and the amount of cells did not differ between
the genotypes. After the onset of disease (day 10 after immu-
nization) the IFN-y production was primarily increased. At that
time point, PLPtg/PD-1"/~ mice show significantly more
IFN-y* cells than wild-type mice. Later, at day 15 after immu-
nization, PLPtg/PD-1~"" mice still produced significantly more
IFN-y than wild-type and PLPtg mice but the total number of
positive cells was reduced to very low levels (data not shown).

Interestingly, at the peak of disease (day 13), the
amount of IFN-y* cells on MOGgs_s5 Stimulation in CNS-
derived lymphocytes was significantly higher in cells from
PLPtg/PD-1"/" mice than in all other groups (Figure 4B),
which might reflect the highest maximal score in these
mutants. In the later phase of the disease, the IFN-y
production in the CNS was reduced in double mutants
while it increased in the other genotypes, leading to a
significantly higher amount in wild-type and PD-1"/" cells
compared with PLPtg/PD-1"/~ (data not shown).

These data indicate that absence of PD-1 is associ-
ated with higher peripheral MOG-specific IFN-y secre-
tion. This systemic difference is only observable in the
preclinical phase of EAE. However, combined pathology
is associated with a significantly higher secretion of IFN-vy
by CNS-MOG-specific T cells at peak of disease.

Absence of PD-1 or Oligodendropathy Does
Not Lead to Detectable Spread of Antigenic
MHC Class | or Class Il Restricted Epitopes

during EAE

We reasoned whether EAE in PLPtg mice or in PD-17/~
mice would be associated with early epitope spreading
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against various CNS antigens, either restricted by MHC
class | or MHC class Il molecules. This has been elegantly
shown in several models of EAE, especially in SJL mice
immunized with PLP peptides.®> We therefore tested ani-
mals at the peak of disease for reactivity against a number
of MHC class ll-related myelin peptides (MOGy5.157,
MOG 201841 MOGiigz 197, MBPs,.75, PLP1787191)-36 How-
ever, no relevant MHC class |l restricted responses against
other myelin peptides than MOGgs_s5 Were detectable (data
not shown). Because the pathogenic inflammatory re-
sponse in PLPtg mice is mediated by CD8™ T cells'"'? we
also tested for responses after antigenic stimulation with a
number of MHC class | myelin peptides mentioned in the
Materials and Methods.'® However, no responses were
measured (data not shown).

Absence of PD-1 Increases Clonal Expansions
of T Cells during EAE

To assess the T-cell receptor repertoire during MOG EAE
in BL/6 wild-type, PD-1~/~, PLPtg, and PLPtg/PD-1"/~
mice, we used CDRS3 spectratyping analysis on CNS-
and spleen-derived lymphocytes.’® This PCR-based
method allows detection of mono- and oligoclonal expan-
sions of T cells in different tissues.

CNS-derived lymphocytes were assessed for clonal
expansions and distributions (n = 3 mice per group). In
wild-type mice peak numbers of 8 = 1.7 were detected.
This was similar to the number found in EAE of PLPtg
mice (9.3 = 4.7). Absence of PD-1 clearly increased the
propensity of T lymphocytes to expand: In PD-1~/~ mice,
17 = 7.8 peaks were detected compared with 15.3 = 2.5
in PLPtg/PD-1"/~ double mutants. When applying statis-
tical analysis to peak numbers, a significant difference
was only detectable between wild-type and PLPtg/PD-
17/~ mice (P = 0.01), which was attributable to high
variations in PD-1"/~ mice and again a sign of very
homogeneous disease in the double mutants. Addition-
ally, the number of clonal expansions reliably reflected
the severity of the EAE disease course.

In other mouse strains (eg, B10.PL), it has been shown
that so called public clones, which are T cells with the
same V3, JB, CDR3 length and the same or similar CDR3
amino acid sequence, which are present in each animal,
are responsible for driving EAE.®” Our analysis firstly
describing CDR3 spectratyping in MOG,5_55-induced
EAE in C57/B6 mice revealed a higher variability of clonal
expansions in different mice.

Here, the expansions clustered in several VB regions:
VB 1: 23%; VB 5.2: 8%; VB 10: 16%; VB 11: 22%; VB 16:
9%; of all observed expansions, meaning that 5 Vg re-
gions (of 24) included 78% of all expansions (Figure 5).
However, no defined VB/JB expansion was present in all
analyzed animals. In examples of VB/JB combinations,
which could be found in several animals (eg, VB1/JB2.5,
found in 7 of 12 animals), the CDR3 length varied slightly
and proved the difference on the clonal level. Interest-
ingly, we found the VB/JB combination (VB11/JB1.1) of
the MOG-specific 2D2 T cells®® in the CNS of 5 of 12
animals. However, the CDR3 length of these clones was
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Figure 5. Spectratyping analysis of T-cell receptors in CNS-derived lympho-
cytes. The T-cell receptor repertoire of lymphocytes from the CNS of wild-
type, PD-1"/", PLPtg, and PLPtg/PD-1""" (1 = 3) mice in the late phase of
EAE (day 18) was analyzed by spectratyping. Clonal expansions (visible as
single peaks in the fragment analysis) are shown as dots (different gray scales
indicate individual animals). The expanded T cells are characterized by their
VB- and JB-chains (VB, rows; JB, columns). The clonal expansions occurred
widely distributed over different VB and JB regions, although some domains
seemed to be prone for clonal expansions in different mutant mice.

not identical, suggesting differences in the antigen spec-
ificity. When compared with the spleen TCR repertoire, it
became evident that the vast majority of peaks were
CNS-restricted. The corresponding spleen spectratypes
also always showed peaks, but the peak number was
~20% of that in the CNS (data not shown).

Discussion

We here investigated how genetic predisposition for my-
elin damage (PLPtg overexpression) combined with ab-
errant T cell regulation (PD-1 deficiency) influence the
onset and course of an experimental autoimmune CNS
disease (MOGg5.55-induced EAE). We observed that
double pathology was associated with a significantly ear-
lier onset of EAE, a slight increase in the neurological
score, an increase of infiltrating cells, and enhanced
neuronal degeneration compared with wild-type mice.
Thus PLP overexpression and PD-1 deficiency have a
confounding effect on CNS inflammation. The double
mutants also displayed an earlier onset in comparison
with PD-17/~ and PLPtg single mutants (Figure 1B), but
because of high individual variability of the single mu-
tants, the corresponding differences failed to reach sta-
tistical significance.

The less homogenous disease onset and course in
PD-17/~ single mutants and the lack of statistically sig-
nificant differences compared with wild-type mice might



be caused by the low dose of antigen we used to induce
the disease. Under these conditions, only the presence of
two predisposition factors led to homogenous disease
course. Most likely, at least two different disease mech-
anisms were acting in the immunized double mutants.
First, the underlying primary oligodendrocyte damage
might have induced an enhanced vulnerability and, pos-
sibly, tissue instability. Second, the absence of the co-
inhibitory molecule PD-1 induced a stronger inflammatory
stimulus, and the combination of both culprits resulted in
the accelerated, stable, homogenous exacerbation of
disease. Importantly, the combination of the two factors
without EAE induction already led to an aggravation of
myelin and axon damage®* but at a much later time point.
It is tempting to speculate that, in the young double
mutants, a not yet visible predisposition for severe inflam-
matory disease progression already exists and becomes
triggered by EAE induction. It is of note that the earlier
and stronger onset of disease is followed by a parallel
disease course of all groups and absence of significant
differences. Nevertheless, the mean maximal score was
significantly higher in PLPtg/PD-17/~ double mutants
compared with wild-type mice in the vast majority of
experiments.

The significance of combined pathology is reflected
not only by the disease course, which is most prominent
in the double mutants, but also by the accumulation of
CD4* and CD8" lymphocytes and CD11b™ macro-
phages in the CNS. Here, the highest amount is always
detected in double mutants, whereas the presence of
one single pathological feature (PLPtg or PD-17/7) is
sufficient to induce increased cell numbers compared
with the wild-type level.

In this context, it is interesting that the demyelination in
PLPtg mice is clearly mediated by CD8* lymphocytes, "
whereas EAE is mainly depending on CD4" lympho-
cytes. It is therefore plausible to assume that the in-
creased cell numbers in PLPtg compared with wild-type
mice are mainly triggered by the underlying oligodendro-
cyte damage. Recent studies have shown a predomi-
nance of CD8" T lymphocytes in MS lesions.®® The fact
that EAE is predominantly mediated by CD4™ T lympho-
cytes supports the view that a direct comparison with MS
is a limited possibility.“° It would, therefore, be challeng-
ing to perform similar experiments by using a CD8* T
lymphocyte-mediated MS model.

It was another important finding that the immune re-
sponse in the investigated mice was always directed
primarily against MOGg5 55, Which had been used for
immunization, and we could not detect any reactivity
toward other myelin peptides. This does not entirely ex-
clude the presence of epitope spreading, but at least
none of the predicted MHC class | or Il peptides we
investigated was recognized by CNS-infiltrating T cells
within the experimental window.

Another important feature, which faithfully reflected the
clinical phenotype of the mice, was the amount of non-
phosphorylated neurofilament (reflecting axon injury*’),
which was highest in PLPtg/PD-1"/~ mice and resembles
enhanced neuronal damage in the presence of mice with
double pathology. The stronger susceptibility of PD-1
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deficient immune cells to proliferate and produce cyto-
kines was reflected not only by the higher amount of
IFN-y production by PD-1 deficient compared with wild-
type splenocytes but also by the increased number of
IFN-y producing CNS cells in ELISPOT assays in
PLPtg/PD-1"/~ mice. Disruption of the PD-1/PD-L1
pathway may therefore be a critical event for the pro-
duction of IFN-y within the CNS, as it is for the disease
score in EAE.2"22:29

The strong influence of PD-1 on T-cell homeostasis is
also reflected by the number of peaks in our clonality
analysis (spectratyping analysis). Oligoclonal expan-
sions, which can account for strong immune activation
against a specific antigen, were present in all investi-
gated mice and genotypes. We have shown in previous
experiments that healthy 12-month-old wild-type mice do
not display any clonal expansions neither in spleen nor in
CNS-derived lymphocytes whereas PLPtg mice always
showed one VB expansion, which differed in size and
location.'

When investigating healthy 12-month-old PD-1~/~ and
PLPtg/PD-1"/" mice, we always detected higher num-
bers of peaks,®~® indicating oligoclonal expansions, but
no significant differences between these two groups.?*
To our knowledge, this is the first study describing clonal
expansions in BL/6 mice during EAE. Interestingly, there
was no difference in the number of oligoclonal expan-
sions between PLPtg and wild-type mice, which both
displayed approximately eight to nine oligoclonal expan-
sions, whereas in the absence of PD-1, independent from
an additional myelin mutation, the number was approxi-
mately twice as high (17 and 15, respectively). In line with
our results describing the homogeneous disease course
in PLPtg/PD-1"/~ mice, these mice displayed only a very
limited variability of different VB/JB types in the spectra-
typing analysis. Therefore one might speculate that the
immunological and pathological response gets focused
or stabilized in the presence of a factor predisposing for
CNS vulnerability (PLPtg) in addition to factors impairing
T-cell homeostasis (lack of PD-1). We suggest that trans-
genic overexpression of myelin molecules in PLP trans-
genic mice thus amplified and focused the CNS-directed
immune response observed after immunization with
MOG. This assumption is supported by the highly altered
clonal expansion patterns observed in mice bearing a
double pathology in comparison with PD-1 deficient mice
alone. Of note, neither deficiency of PD-1, nor the com-
bination with PLPtg influenced epitope restriction or pro-
moted epitope spreading under the given experimental
conditions.

This indicates that under the dominant immune stim-
ulus of EAE induction, subtle differences (myelin) are
no longer visible while a general immune dysregulation
can enhance the severity of disease and immune re-
action. Nevertheless, it is interesting that—as opposed
to B10.PL mice®—the reaction toward a common an-
tigen in BL/6 mice results in diverse and not identical
clonal expansions.

Taken together, investigating the course and the im-
munopathogenetic features of MOG34 ss-induced EAE in
a model combining both oligodendrocyte-related myeli-
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nopathy and PD-1 dependent alteration of immune re-
sponses can provide interesting insights in the modula-
tion of autoimmune diseases. Our data suggest that the
interplay between immune dysregulation and myelinopa-
thy results in a stable exacerbation of the disease. The
PD-1~/~ mutation alone led to a stronger exacerbation of
EAE than in wild-type mice, but was characterized by a
striking clinical and pathological variability within the
group. This variability was not seen in mice bearing dou-
ble pathology. Our observation might be of clinical rele-
vance in that the combination of several subclinical
pathological alterations (eg, CNS vulnerability, immune
dysregulation, induced autoimmunity) may significantly
contribute to disease susceptibility or relapses.
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