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in macaques

Lev Stimmer"2™, Joachim Confais®, Anke't Jong®, Jennifer Veth®, Claire-Maélle Fovet™, Philippe Horellou

Audrey Perrin', Guylaine Miotello®, Emilie Avazeri®, Bert't Hart’, Kumaran Deiva®®, Roger Le Grand
1,29

Jeffrey J. Bajramovic(@®®*, Hugues Contamin® and Ché Serguera

5, Julie Massonneau’,

®, Jean Armengaud (®°,

© The Author(s), under exclusive licence to United States and Canadian Academy of Pathology 2021

Experimental autoimmune encephalitis (EAE) is a well-recognized model for the study of human acquired demyelinating diseases
(ADD), a group of inflammatory disorders of the central nervous system (CNS) characterized by inflammation, myelin loss, and
neurological impairment of variable severity. In rodents, EAE is typically induced by active immunization with a combination of
myelin-derived antigen and a strong adjuvant as complete Freund’s adjuvant (CFA), containing components of the mycobacterial
wall, while myelin antigen alone or associated with other bacterial components, as lipopolysaccharides (LPS), often fails to induce
EAE. In contrast to this, EAE can be efficiently induced in non-human primates by immunization with the recombinant human
myelin oligodendrocyte glycoprotein (rhMOG), produced in Escherichia coli (E. coli), purified and formulated with incomplete
Freund’s adjuvant (IFA), which lacks bacterial elements. Here, we provide evidence indicating how trace amounts of bacterial
contaminants within rhMOG may influence the course and severity of EAE in the cynomolgus macaque immunized with rhMOG/
IFA. The residual amount of E. coli contaminants, as detected with mass spectrometry within rhMOG protein stocks, were found to
significantly modulate the severity of clinical, radiological, and histologic hallmarks of EAE in macaques. Indeed, animals receiving
the purest rhMOG showed milder disease severity, increased numbers of remissions, and reduced brain damage. Histologically,
these animals presented a wider diversity of lesion types, including changes in normal-appearing white matter and prephagocytic
lesions. Non-human primates EAE model with milder histologic lesions reflect more accurately ADD and permits to study of the

pathogenesis of disease initiation and progression.

Laboratory Investigation (2021) 101:1513-1522; https://doi.org/10.1038/s41374-021-00646-x

INTRODUCTION

Experimental autoimmune encephalitis (EAE) is a neurological
affection induced in animals mimicking acquired demyelinating
diseases (ADD), a group of inflammatory diseases of the central
nervous system (CNS) characterized by inflammation, myelin loss,
and neurological impairment of variable severity'. EAE is typically
induced in rodents by active immunization with myelin-derived
antigens emulsified with strong adjuvants as complete Freund’s
adjuvant (CFA), which contains mycobacterial membrane compo-
nents, and/or Bordetella pertussis toxin®>. These adjuvants induce a
powerful inflammatory response associated with blood-brain-
barrier (BBB) permeability™”. Indeed, during the process of
immunization, the adjuvant bacterial antigens relay “danger”
signals in phagocytic antigen-presenting cells (APC) via activation
of innate pattern recognition receptors (PRR) as Toll-like receptors

(TLR) and NOD-like receptors (NLR), inducing archetypical activa-
tion of naive CD4+ T cells into myelin-directed T helper type 1
(Th1) autoreactive T cells®. To intend shifting the type of anti-
myelin autoimmune response, novel schemes of immunization
have been explored replacing CFA or B. pertussis toxin with other
adjuvants”®, It has been proposed that certain bacterial compo-
nents, such as bacterial DNA or lipopolysaccharides (LPS), can
replace CFA in mediating EAE'®. Other bacterial components
such as muramyl-dipeptide and mycobacterial glycolipid—®6, 6'-
trehalose-dimycolate, have also been efficiently used to induce
EAE in mice’'™"*. Modulation of the clinical course of EAE has been
observed by altering the adjuvant. Administration of MOGg;_106
peptide in CFA to ASW mice resulted in a primary progressive (PP)
disease course, whereas the same scheme with B. pertussis,
resulted in a secondary progressive (SP) EAE'. In fact, in ASW
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mice, the supplementation with B. pertussis appeared to be
protective'®.

Interestingly and different from immunologically immature SPF
rodents, EAE can be induced in different species of non-human
primates (NHP) using recombinant human myelin oligodendro-
cyte glycoprotein (rhMOG) emulsified in incomplete Freund’s
adjuvant (IFA), lacking mycobacterial extract. In these animals, EAE
is of variable severity and can be monophasic or relapsing,
affecting the brain, and less frequently, the spinal cord and the
optic nerve'”. This indicates that the development of EAE in NHP
immunized with rhMOG/IFA, relies on recalled memory T
lymphocytes rather than newly activated naive T cells'®,

Moreover, in the absence of the polarizing effect of CFA and
pertussis toxin these NHP models reflect more closely the wide
range of autoimmune responses observed in ADD subsets'”".

In the present study, we describe the variable severity of EAE in
the cynomolgus macaque species depending on the use of
purified batches of rhMOG protein, either obtained from an
industrial provider or prepared in our laboratory. Variable amounts
of Escherichia coli (E. coli) contaminants between the batches, as
evaluated with mass spectrometry, appeared to be a prominent
factor influencing the severity of EAE, the imaging aspect of
lesions as well as their histologic appearance.

MATERIALS AND METHODS

Study origin

The present study compares the course of EAE in Macaca fascicularis
performed in two distant French facilities, through immune sensitization
with hMOG. When we first analyzed the clinical outcome of the two
protocols, we were surprised by the milder form of EAE observed in
Cynbiose (Marcy I'Etoile, France) animals as compared to that currently
modeled at MIRCen (Fontenay aux Roses, France)'’?°. We reasoned that
several factors could explain such difference: (1) misrouting of intradermal
injection of rhMOG may preclude EAE outcome, but this procedure was
executed in both places by the same experienced surgeon. (2) The
intestinal flora of animals can modulate the immune outcome of rhMOG
immunization?'. The main factors shaping the microbiome would be the
origin of animals, the sanitary procedures and vaccinations, the daily
follow-up, and the diet, but these variables were all equivalent in both
facilities (see Supplementary Table 1). We then low-ranked these
occurrences as causing EAE variations. (3) Sex and age may influence
immunity; while the number of males and females was not different
between the two cohorts (Fisher's exact test p = 0.6641), MIRCen’s animals
were older than that of Cynbiose (unpaired t test, p <0.0001) (Supple-
mentary Table 2). A Pearson r correlation between “age” and the other
variables (onset, days ill, remissions/relapses (R/R), # of lesions, lesions area,
and levels of anti-MOG IgG), indicated no correlation, but in one case,
between age and remissions/relapses (p =0.0321). However, within each
group, age and R/R were not correlated (MIRCen: p = 0.56; Cynbiose p =
0.96). As the Cynbiose group includes the widest range of ages and the
highest number of animals with R/R, an absence of correlation between
age and R/R in this group, points at an artifact when computing age and
R/R in the 18 macaques involved in the study. Moreover, if “age” would
influence the disease evolution, it would covariate with most of the
variables, which is not the case. We then considered that the age of the
animals was not the factor influencing EAE evolution. (4) We then alleged
that the quality of the batches of rhMOG used in either protocol could
influence the autoimmune response. Weighing the aforementioned
arguments together with the fact that each batch of rhMOG contained a
significantly different amount of bacterial contaminant, made us postulate
that the quality of rhMOG was the most likely factor influencing EAE
outcomes in our experiments.

Animals and study design

In this study, we compared the clinical and histopathological outcome in
two groups of adult macaques immunized with two different batches of
rhMOG (rhMOG-1 and rhMOG-2), used to immunize animals in two
separate laboratories. The study includes a total of 18 adult cynomolgus
macaques (Macaca fascicularis) immunized with rhMOG/IFA. One group
includes ten macaques (5 males and 5 females) immunized at the MIRCen
institute (CEA, Fontenay aux Roses, France), and a second group includes 8

SPRINGER NATURE

Table 1. Clinical, MRI, and histopathologic parameters of EAE and
brain lesions.
MOG1 MOG2
Clinical observations Number of 10 8
animals
Age (years)® 8.14 4.79
Sex 53/59 33/59
Onset (dpi)® 40.8 53
Days ill? 5.2 19.8
Clinical grade® 3.5 2.9
Number of 0.1 0.9
remissions®
Anti-MOG IgG 1014381.1 297133
(AU)?
MRI Lesion number? 2.8 3.6
Lesion area (cm??®  62.6 29.3
Histopathologic Cumulative 13.5 7.9
evaluation severity score®
Microglia 2.8 2.1
activation®
Astrocytic 26 1.9
activation®
IgG deposition? 2.5 1.9
Complement 1.6 2.1
activation®
Cumulative lesion type frequency
Lesion type 1 21 (75.0%) 5 (33.3%)
Lesion type 2 3 (10.7%) 5 (33.3%)
Lesion type 3 4 (14.3%) 1 (6.7%)
Lesion type 4 0 (0.0%) 4 (26.7%)

#Mean value of the group; the cumulative lesion frequency reflects the sum
of observed lesions for each lesion type in animals immunized with MOG1
or MOG2. Lesions, type 1: confluent demyelination; type 2: perivascular
mononuclear infiltration; type 3: myelin vacuolation; type 4: normal-
appearing white matter.

animals (3 males and 5 females) immunized at the Cynbiose facility (Marcy
I'étoile, France) (Table 1 and Supplementary Table 2). Both laboratories
used the exact same procedures for animal immunization, clinical
observation, and sample collection but employed rhMOG of different
origins.

Immunization protocols, clinical observations, cerebrospinal fluid (CSF),
and blood collection methods were described in our previous publica-
tion?°. Briefly, three to 10-year-old cynomolgus macaques of either sex
were purpose-bred animals imported from a licensed primate-breeding
center in Mauritius (Cynologics Ltd, Port Louis, Mauritius). Following
European directive 2010/63/UE and French regulations, the project at
MIRCen was performed in an agreed user establishment (agreement
number C 92-032-02), with institutional permission obtained from the
French Ministry of Agriculture after evaluation by an ethical committee
(2015081710528804vl). At Cynbiose (agreement number N°C 69 127 0505),
the project was approved by the ethical committee of VetAgro Sup
(2016072117544328) under file number 1417v2. All procedures were
performed in compliance with CEA’s and Cynbioses's animal welfare
structure under veterinary care at all times (Supplementary Table 1).
Monkeys remained under veterinary care during both studies. Venous
blood samples were collected every week, starting before the first
immunization with rhMOG/IFA and until the end of experimentation, as
well as at EAE onset and before euthanasia, with a maximum volume of up
to 15% of the total blood volume per animal per month (26 ml). Blood was
centrifuged and plasma was stored at —80 °C. Before sample collections,
immunization, or Magnetic Resonance Imaging (MRI), animals were
sedated with ketamine hydrochloride (Imalgene, 15 mg/kg, intramuscular
injection) and xylazine (Rompun 2% 0.5 mg/kg, intramuscular injection).

Laboratory Investigation (2021) 101:1513 - 1522



Anesthesia was maintained during MRI acquisition with propofol
(Propovet, 10mg/kg/h, intravenous infusion on the external
saphenous vein).

Production of rhMOG and animal’s immunization

The rhMOG used to immunize the MIRCen group of macaques (rhMOG-1)
was produced at BPRC (Rijswijk, The Netherlands), as described earlier®®?2,
Briefly, the amino acids 1-125 of the human MOG fused with an N-terminal
His-Tag was produced in E. coli and was purified using an FPLC column
with a resin that bound this specific tag. The protein was eluted, and its
concentration and purity were checked by using a Nanodrop, a BCA
protein assay (A53225, Thermo Fisher), and an ELISA; the absence of
contaminant proteins was assessed through Western blot as described?*?2,
The rhMOG-2 used at Cynbiose, consisted of the same fragments 1-125 of
human MOG with an N-term His-Tag. It was also produced in E. coli using a
pET28a plasmid and leading to purity >90% and with a level of endotoxin
<1eu/ug (GeneCust, 6 rue Dominique Lang, L-3505 Dudelange-Luxem-
bourg) as reported by the provider.

Animals were immunized every 4 weeks with 300 pg of rhMOG (1 mg/
ml) in IFA (Sigma-Aldrich, St. Quentin Fallavier France) until disease onset,
in the dorsal skin by 6 intradermal injections of 100 pl (50 ug rhMOG per
injection site). The immunogen preparations for immunization of all
cynomolgus macaques were prepared by dissolving 300 pg rhMOG in 300
ul PBS, emulsified with an equal volume of IFA (Sigma-Aldrich, St Quentin
Fallavier, France). Ten macaques were immunized in the MIRCen NHP
research facility (Fontenay-aux-Roses, France) with rhMOG-1 protein
(MOGT1). In addition, 8 macaques were immunized in the Cynbiose
research facility using the same procedure, with direct support from
MIRCen staff to perform the intradermal injection, using rhMOG-2 protein
(MOG2).

Clinical observations

Monkeys were observed daily throughout our experiments. Clinical scores
were assessed using a semi-quantitative functional scale with the severity
of disease implying closer endpoints of experiments*®. Macaques were
observed double-blinded daily from immunization until the end of the
experiment; they were scored daily for EAE outcome directly by the
experimenter or through webcam surveillance, using a semi-quantitative
functional scale. Endpoints are based on the evaluation of disease gravity,
with increased severity shortening the time of the experiment, ultimately
ending with animal euthanasia. Briefly, disease severity was graded from 0
(healthy), grade 0.5 (loss of appetite, vomiting), grade 1 (apathy), grade 2
(ataxia, sensory loss and/or visual problems), grade 2.5 (hemiparesis or
paraparesis), grade 3 (hemiplegia or paraplegia), grade 4 (quadriplegia), to
grade 5 (protraction), all corresponding to classical neurological signs and
symptoms conducing to ADS diagnosis (Supplementary Table 3).

Anti-MOG IgG antibodies

The concentration of anti-rhMOG IgG in plasma from cynomolgus
monkeys was assessed by ELISA in 96-well plates. Flat bottom plastic
plates (Costar 3595, Corning) were coated with rhMOG (5 ug/ml PBS1x)
overnight at 4 °C. After washing and blocking with PBS/1% BSA, the wells
were incubated with 1:200 or 1:2000 diluted plasma samples. Bound
antibodies were detected with alkaline phosphate-labeled goat-anti-
human IgG (1:1000, 4HI1305, Invitrogen Life Technologies, Bleiswijk,
Netherlands). Conjugate binding was quantified with SIGMAFAST
p-nitrophenyl phosphate (Sigma, St. Quentin Fallavier France). Measured
optical density was converted to arbitrary units (AU) using a concentration
curve of the same positive control as reference.

Magnetic resonance imaging (MRI)

For macaques followed at the MIRCen facility, MRI acquisitions were
performed on a horizontal 7T Agilent scanner (Palo Alto, CA, USA), using a
surface coil for transmission and reception (RAPID Biomedical GmbH,
Rimpar, Germany). T2-weighted images were acquired using a high-
resolution 2D fast spin-echo sequence. Lesion segmentation was
performed on the T2-weighted images. During scanning, animals were
anesthetized and maintained in a dedicated stereotaxic frame. The
respiratory rate was monitored (SA Instruments Inc, Stony Brook, NY,
USA) and body temperature was maintained at 37 °C using a heated
waterbed. Lesions were manually delineated slice-by-slice by a single
operator to measure their volume.

Laboratory Investigation (2021) 101:1513 - 1522
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For macaques monitored at Cynbiose, MRl was performed at the
CERMEP-PRIMAGE imaging facility, using a 3T MRI (Siemens MAGNETOM
Prisma, Siemens, Erlangen, Germany). The animals were maintained under
fixed IV anesthesia and their vitals were monitored. Their body
temperature was kept at 37°C using a heating blanket, and their head
was kept straight and stable in a soft frame tightened around their skull.
The structural imaging sequence was as follows: coronal sections acquired
via a T1-weighed 3D MPR sequence, a T2-weighed 3D SPC sequence, and a
FLAIR 3D SPC sequence. The lesions were delineated using the T2-weighed
images and verified with the two other sequences, using the MITK 3M3
(v1.1.0,; developed by Mint Medical and the German Cancer Research
Center). Lesion sizes were calculated using the fslstats-V function of the
FMRIB Software Library (v5.0; FSL, Oxford, UK).

Histology and immunohistochemistry

All histologic procedures were performed and analyzed at MIRCen by Dr.
Lev Stimmer. The evaluation of the slides was performed in a blinded
manner.

Tissue preparation. Brains were sampled after intracardiac perfusion with
PBS and 4% PFA and were postfixed by overnight immersion in 4% PFA
and then transferred to PBS and embedded in paraffin. Brains were sliced
in 12-15 slices of 4mm thickness using a dedicated brain dissection
matrix. Slices were included in standard super cassettes (75 x 52 x 17 mm)
using internal standard operating procedures. For the histochemical
analyses 3-5 um-thick paraffin sections were cut, deparaffinized, and
stained with the following histochemical stains: Hematoxylin/Eosin (HE;
evaluation of inflammation), Luxol fast blue/Periodic Acid Schiff (LFB/PAS;
evaluation of demyelination) according to the institute standard operating
procedures. Furthermore, immunohistochemistry was used to investigate
microglia/macrophages and astrocyte activation, T cell infiltration, and
intracerebral IgG and complement protein C1q distribution. Briefly, paraffin
wax-embedded tissues were dewaxed in xylene and hydrated through
graded alcohols. Endogenous peroxidase activity was suppressed by 3%
H,0, in PBS. Subsequently, sections were incubated with anti-CD3 (A0452,
Dako, Les Ulis, France; dilution 1/100), anti-lba 1 (Fujifilm Wako Chemicals
U.S.A. Corp; dilution 1/500), anti-GFAP (20334, Dako, Les Ulis, France;
dilution 1/1000), anti-lgG (anti-human IgG (gamma chain), 1/100,
SAB3701291, Sigma-Aldrich, Saint-Louis, MI, USA), or anti-Human C1q, (1/
100, A0136, Dako, Les Ulis, France). The biotinylated rabbit-anti-goat or
goat-anti-rabbit antibodies were used as secondary antibodies, for 30 min
at room temperature, followed by the avidin-biotin-peroxidase complex
(Vectastain Elite ABC Kit, Vector Laboratories, PK 6100; Burlingame, CA,
USA). Positive antigen-antibody reactions were visualized by incubation
with 3,3-diaminobenzidine-tetrahydrochloride (DAB)-H,0, in 0.1 M imida-
zole, pH 7.1 for 5 min, followed by slight counterstaining with hematoxylin.
Brain and spinal cord lesions were scored according to their overall
severity, number, size, and morphological characteristics as well as
according to the intralesional myelin loss. Identified brain lesions were
classified in four lesion types: the lesion type 1—myelin destruction, with
variable necrosis and hemorrhage, lesion type 2—perivascular infiltration
with minimal visible neuropil changes and microglial and astrocytic
activation, lesion type 3—myelin vacuolation with microglial and astrocytic
activation and with minimal cellular infiltrate, lesion type 4—normal-
appearing white matter (HE) and microglial and astrocytic activation.
Furthermore, the severity of intralesional hemorrhage, necrosis, and myelin
vacuolation was graded using three severity grades scale (i.e, mild,
moderate, marked). In addition, the severity of inflammatory infiltration
including CD3 positive lymphocytes, microglia/macrophages, and neutro-
phils, was evaluated in the perivascular space and in the neuropil using the
same grading scale. The cumulative severity score was calculated as the
sum of the severity grades of all the above-named parameters. The same
grading scale was used for evaluation of the severity of microglia/
macrophagic and astrocytic activation as well as of the severity of the
immunoglobulin G deposition (IgG) and of the complement protein C1q
expression.

Proteomics analysis of rhMOG-1 and rhMOG-2

A total of 10ug of each protein preparation was diluted with Novex
NuPAGE 4X LDS Sample Buffer (Invitrogen) supplemented with (-
mercaptoethanol, and milliQ water, resulting in samples containing 10
Mg in a final volume of 30 uL of LDS 1X. Two technical duplicates were
performed for each protein preparation, resulting in four samples that
were treated to generate trypsin peptides as previously described?®.

SPRINGER NATURE
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of the group.

Briefly, samples were subjected to a short (5 min) electrophoretic migration
on NuPAGE 4-12% Bis-Tris gel (Invitrogen) performed at 200V in MES/SDS
1X running buffer (Invitrogen). The polyacrylamide bands containing the
whole protein content of each sample were proteolyzed with gold mass
spectrometry grade trypsin (Promega) in the presence of 0.01%
ProteaseMAX detergent (Promega). A fraction of the resulting peptides
(10 uL out of 55 uL) were analyzed in a data-dependent mode with an ESI-
Q Exactive HF mass spectrometer (Thermo) coupled to an Ultimate 3000
nanoLC System (Thermo) operated as previously reported®*. Peptides were
resolved onto a reverse-phase Acclaim PepMap 100 C18 column (3 um,
1004, 75 pm internal diameter, 500 mm) with a 60 min gradient of
acetonitrile in presence of 0.1% formic acid. The mass spectrometer was
operated with Top20 standard parameters and a dynamic exclusion of 10's.
MS/MS spectra were searched using the Mascot Daemon software (Matrix
Science) against a database comprising the rhMOG sequence and E. coli
annotated protein sequences. Peptide-to-MS/MS spectrum matching with
a p-value below 0.05 was selected and assigned to a unique peptide
sequence following the parsimony principle. A protein was considered
valid when at least two different peptides were detected. The false-positive
rate for protein identification was estimated by a search with a reverse
decoy database to be below 1% with these parameters. Proteins were
quantified based on their spectral counts and their ratio among all proteins
was estimated based on their percentage of normalized spectral
abundance factor (NSAF) calculated as described?”.

Innate immune stimulatory activity of rhMOG

The two batches of rhMOG were screened for the presence of innate
immune receptor ligands in bioassays. We used the THP-1 monocyte cell
line and HEK293 cells that were stably transfected with the luciferase gene
as a reporter under the control of an NF-kB-dependent promoter. As the
THP-1 cells express a multitude of innate immune receptors, this bioassay
is not specific but provides a rather crude overview. Endogenous
expression levels of different innate immune receptors in HEK293 cells
are very low and were therefore used as specific reporter cells for
individual innate immune receptors. Therefore, they were transfected with
different Toll-like receptors (TLR) or with the nucleotide oligomerization
domain receptor 2 (NOD2), as described earlier’?. As a positive control for
non-TLR induced, NF-kB mediated activation we used exposure to TNFa at
25 ng/ml (Preprotech, London, UK). Ligand specific positive controls were
PAM3CSK at 1 pg/ml for the TLR2 bioassay, ULPS at 10 pg/ml for the TLR4
bioassay, Flagellin at 1 ug/ml for the TLR5 bioassay, and Muramyldipeptide
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(MDP) at 10 ug/ml for the NOD2 bioassay. All ligands were purchased from
InvivoGen (San Diego, CA), except LPS, which was obtained from Sigma-
Aldrich.

Statistical analysis

Statistical analyses and graphical representations were done using Prism 8
(GraphPad Software, Inc). One- and two-sided one-way ANOVA test with
Tukey’s multiple comparisons was used to compare three groups or more
values. Unpaired t test was used to compare two groups of values. Pearson
correlation coefficient was used to measure the linear association between
age and the other variables listed in Supplementary Table 2.

RESULTS

Clinical evolution of EAE in macaques immunized with rhMOG
In this study, we compare the clinical characteristics of EAE
between two groups of adult cynomolgus macaques immunized
with rhMOG/IFA. In one group, ten macaques were immunized
with rhMOG produced at BPRC (MOGT1), while in the second, eight
macaques were immunized with rhMOG purchased from Gene-
Cust (MOG2). All animals of either group developed a classical EAE
with common signs of encephalitis and multifocal neurological
deficits (Table 1, Supplementary Table 4). However, several clinical
parameters indicated that diseases evolved differently in either
group of animals. For instance, macaques of group MOG1 tended
to present EAE onset earlier than that of the group MOG?2, at a
median time of 31.5- versus 39.5-days post-immunization (dpi)
respectively (Supplementary Fig. 1). In addition, animals of the
group MOGT1 suffered a much faster progression from first signs to
the peak of disease, while in animals of group MOG2, EAE
appeared to be more progressive (Fig. 1A (p=0.02) and B (p =
0.05)); animals of group MOG2 also had significantly more
remissions than animals of group MOG1 (Fig. 1 C (p =0.04)). In
all animals but one (M2-8), EAE onset was confirmed by
anomalous MRI with multiple hyperintense signals spread in
different areas of the brain and the spinal cord. In both groups, the
lesions detected at MRI had a similar diffuse aspect with poorly
defined borders as described before?®. Then, even though animals
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Fig.2 Proteomic detection of contaminating proteins in rhMOG batches, and their stimulating effect on innate immunity. A The spectral
count of E.coli proteins detected in the batches of rhMOG-1 and rhMOG-2 were quantified and normalized according to their molecular
weight and expressed as normalized spectral abundance factor (NSAF). Host cell proteins from E. coli of all ranges of molecular weights were
much more abundant in rhMOG-1 than in rhMOG-2. B, C TLR2 and TLR4 stimulatory activity of rhMOG-1 and rhMOG-2 as measured in HEK293
cells transfected with TLR2 or TLR4. Positive controls include stimulation with specific ligands of TLR2 (PAM3CSK (PAM) at 1 ug/ml or TNFa at
25 ng/ml) and TLR4 (ULPS at 10 pg/ml or TNFa at 25 ng/ml). Statistics, Two-way ANOVA with Tuckey multiple comparisons test. P value

summary, *P <0.05; **P <0.01; ***P <0.001, ****P <0.0001.

of both groups displayed an equivalent number of brain lesions at
the last MRI before euthanasia, the size of brain lesions in animals
of group MOGT was significantly larger than that detected in
animals of group MOG2 (Fig. 1D (p =0.04)). Finally, although
animals of group MOGT had an increased cumulative severity
score (see below) as compared to animals of group MOG2 (Fig. 1E
(p =0.02)), and despite the many differences during clinical EAE,
both groups of macaques had an equivalent increased amount of
anti-MOG IgG (Fig. 1F (p = 0.34)), and presented no difference in
the severity of EAE at euthanasia (Supplementary Table 2).
These observations indicate that animals of group MOGT
developed a more acute EAE than that observed in animals of
group MOG2, in which the disease evolved more progressively.

Analysis of bacterial contaminants in rhMOG batches

For immunizations, we used the adjuvant IFA, a mineral oil
emulsion lacking bacterial components; this mixture associated
with rhMOG, typically produces milder forms of EAE in marmosets
as compared to rhMOG administered in CFA, which contains
mycobacterial extracts®®. Thus, after weighing the possible
implication of several factors in modifying the course of EAE
(see “Study origin” in Materials and methods), we hypothesized
that the quality of the recombinant MOG could explain the
observed clinical variations described above. The degree of
contamination of both rhMOG preparations with bacterial factors
was assessed by quantifying the presence of E. coli host cell
proteins (HCP) contaminants in the batches of purified rhMOG.
Thus, we analyzed twice each lot of rhMOG-1 and rhMOG-2 with
shotgun proteomics. The tandem mass spectrometry highly
sensitive approach detected 779 proteins from E. coli, among
which 577 were retrieved with at least two peptide sequences.
Among these 577 well-confirmed proteins, more than 80% were
present in rhMOG-1 but only 14% in rhMOG-2 (Supplementary
Fig. 2A). Moreover, from 96 E. coli proteins detected with an
abundance above 0.2% of Normalized Spectral Abundance Factor
(NSAF), more than 90% were detected in rhMOG-1, but less than
10% in rhMOG-2 (Supplementary Fig. 2B). Thus, the batch of
rhMOG-1 not only contained a wider variety of contaminating
proteins, but these were also more abundant in relative amount
across a large range of molecular weights (Fig. 2A). We next
assessed if rhMOG-1 and rhMOG-2 had variable ability to stimulate
pro-inflammatory signaling pathways.

Innate immune receptor signaling cascades induced by
rhMOG batches

To assess the presence of pathogen-associated molecular pattern
molecules (PAMPs) in the rhMOG-1 and rhMOG-2 preparations, we
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performed bioassays for TLR2, 4, 5, and NOD2. HEK293 cells were
transfected with an NF-kB dependent reporter gene (luciferase),
and with individual innate immune receptors. Activation of these
receptors was assessed by measuring the expression of luciferase
in response to PAMP activation by specific ligands. The rhMOG-2
preparation did not significantly stimulate luciferase expression in
either of the systems used, even at the highest doses. Instead, the
rhMOG-1 preparation induced a dose-dependent response via
TLR2 and TLRA4. Indeed, a significant increase of luciferase activity
was detected for both TLR at a dose of rhMOG-1 of 2 pg/ml as
compared to 0.2 ug/ml (TLR2, p =0.0002 and TLR4, p < 0.0001).
Moreover, the same increase was observed when comparing
luciferase levels induced by rhMOG-1 as compared to rhMOG-2 at
a dose of 2 ug/ml (TLR2 and TLR4, p < 0.0001) and 20 pg/ml (TLR2,
p = 0.0065 and TLR4, p = 0.0020) (Fig. 2B, C). In addition, rhMOG-1,
but not rhMOG-2, significantly enhanced NF-kB dependent
luciferase expression in the THP-1 bioassay at the highest dose
of 20 pg/ml of rhMOG-1 as compared to 2 pg/ml of rhMOG-1 (p =
0.0004) or of 20ug/ml of rhMOG-2 (p=0.0015). By contrast,
neither rhMOG-1 nor rhMOG-2 induced NF-kB-dependent lucifer-
ase expression via TLR5 or NOD2 (Supplementary Fig. 3). These
results indicate that the rhMOG-1 preparation contains bacterial
contaminants with the ability to trigger innate immune responses
via TLR2 and TLR4, whereas such contaminants were not detected
in the rhMOG-2 preparation.

Histopathology of the brain lesions

Most lesions from all macaques with clinical EAE (n = 18) were
submitted to histologic evaluation. These animals presented
different types of lesions, including active and prephagocytic
lesions as well as areas of normal-appearing white matter
(NAWM). Most of the animals harbored more than one lesion
type. All brains and spinal cord lesions were classified according to
their most important histologic features in one of four lesion types
(Table 1).

Active lesions.  Active lesions could be further subdivided into two
subtypes according to their histologic characteristics and localiza-
tion. This included confluent demyelination (lesion type 1) and
perivascular mononuclear infiltration (lesion type 2).

Confluent demyelination (lesion type 1): Lesions with confluent
demyelination were observed in the cortical white matter (CWM),
profound WM (PWM), medulla (MED), and cerebellar WM
(CBLWM). This lesion type was most frequent in the CWM
compared to other anatomic locations. In addition, the number
of lesions observed at these locations was higher in MOG1
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immunized group compared to the MOG2 group (CVM: MOG1: 11
lesions in 6/10 animals, MOG2: 2 lesions in 2/8 animals; PWM:
MOGT1: 4 lesions in 3/10 animals, MOG2: 2 lesions in 2/8 animals;
MED: MOGT1: 3 lesions in 3/10 animals, MOG2 1 lesion in 1/8
animals; CBLWM: MOG1: 3 lesions, 3/10 animals, MOG2: no
lesions).

Histologically, two main features characterized this lesion type,
including large confluent demyelination and infiltration with
macrophages and neutrophils (Fig. 3A). Demyelinated areas were
composed of multiple confluent areas of myelin destruction, which
often surrounded a central venule. The myelin in these areas was
completely disrupted and phagocytized by infiltrating microglia/
macrophages and neutrophils. Hemorrhages, neuropil necrosis,
and prominent reactive astrocytosis were further hallmarks of this
lesion type, which were mainly seen in animals immunized with
MOGT. The axonal injury was observed in animals immunized with
both MOG types and seen especially in necrotic parts of the lesion,
as evidenced by the presence of axonal swelling. Pronounced
inflammation represented the second key feature of this lesion
type. Central venules were surrounded by a prominent perivascular
infiltrate, mainly composed of microglia/macrophages, neutrophils,
and fewer CD3+ lymphocytes (Fig. 3E, I). The involved neuropil
was highly infiltrated by myelin-laden microglia/macrophages and
neutrophils with centrifugal distribution around central vessels.

The distribution of immunoglobulins (i.e., IgG) and complement
(i.e, C1q) were evaluated in addition to the profile of inflammatory
cells (Fig. 3M, Q). Both proteins were seen especially in the
cytoplasm of myelin-laden macrophages colocalized with phago-
cytized myelin debris, highlighted through its LFB and MBP
positivity. In addition, IgG and C1q proteins often covered residual
intact myelin fibers inside the lesion, and they were seen on the
intact myelin fibers in the vicinity of the lesion with no association
to infiltrating macrophages. These lesion parts were interpreted as
perilesional NAWM.

The perivascular mononuclear infiltration (lesion type 2): The
perivascular lesions were seen at a relative distance of larger
active phagocytic lesions and rarely as alone standing lesions. This
lesion type was more frequent in animals immunized with MOG2
(CWM: MOGT1: 1 lesion in 1/10 animals, MOG2: no lesions; PWM:
MOGT1: 1 lesion in 1/10 animals, MOG2: 4 lesions in 4/8 animals;
MED: MOGT: no lesions, MOG2: 1 lesion in 1/10 animals; CBLWM:
MOG?1: 1 lesion in 1/10 animals; MOG2: no lesions).

Histologically perivascular lesions were characterized by mod-
erate perivascular infiltration by microglia/macrophages and
lymphocytes and by activation of microglia and astrocytes as
highlighted by a relative increase of lbal and GFAP labeling
(Fig. 3B, F, J). Myelin-laden macrophages and myelin vacuolation
were nearly absent in this lesion type and there were relatively
few perivascular and infiltrating CD3 positive lymphocytes.

A relatively low quantity of IgG and C1q proteins were present
in the intact white matter surrounding activated vessels and were
mainly associated with normal-appearing myelin (Fig. 3N, R).

Prephagocytic lesions. Lesions with myelin vacuolation and
minimal cellular infiltrate were interpreted as prephagocytic
lesions (lesion type 3) and were mainly seen in the periphery of
active phagocytic lesions and less frequently without any visible
connection to another lesion. This lesion type was more frequently
observed in CWM of MOG1 immunized animals (CWM: MOG1: 3
lesions in 3/10 animals, MOG2: 1 lesion in 1/8 animals; PWM and
MED: MOG1 and MOG2: no lesions; CBLWM: MOGT1: 1 lesion in 1/10
animals, MOG2: no lesions).

The main key feature of this lesion type is myelin vacuolation
(myelin edema) with relatively few infiltrating phagocytic cells
(Fig. 3C). Intralesional vessels showed no or few infiltrating cells,
identified as microglia/macrophages by the lbal marker. This
lesion type showed a high diffuse upregulation of microglial/
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macrophagic and astrocytic markers in the neuropil, whereas
there were virtually no CD3 positive cells (Fig. 3G, K).

IgG and C1q proteins were present in a high relative quantity
and were mainly associated with vacuolated myelin and cells with
oligodendrocytes, astroglial and microglial appearance (Fig. 30, S).

Normal appearing white matter. Areas with morphologically
normal-appearing white matter and with upregulation of micro-
glial and/or astrocytic markers (lesion type 4) were mainly seen in
the vicinity of larger active lesions and rarely as alone standing
lesions. The alone standing lesions were observed in PWM and
medulla of MOG2 immunized animals, whereas this lesion type
was not seen in the MOG1 group (CWM: MOG1 and MOG2: no
lesions, PWM: MOG1: no lesions, MOG2: 3 lesions in 3/8 animals;
MED: MOG1: no lesions, MOG2: 1 lesion in 1/8 animals; CBLWM:
MOG1 and MOG2: no lesions).

The main characteristic of this lesion type is the relative absence
of visible lesions observed in HE stains, including no notifiable
cellular, infiltrate and no visible myelin changes (Fig. 3D). The
upregulation of microglial and astrocytic markers is the second
key feature of this lesion type (Fig. 3H, L). These activated
microglia/macrophages and astrocytes were mainly seen sur-
rounding of venules in CWM and MED and rarely in further
surrounding neuropil. In addition, there were rare focal sub-
ependymal areas of NAWM containing a mild activation of
microglia/macrophages whereas no astrocytic activation or cell
infiltration was seen.

IgG showed a diffuse high expression in concerned regions
whereas C1g was mainly present in the vicinity of vessels. Both
proteins were associated with normal-appearing or minimally
vacuolated myelin and to a lesser extent with cells with the
oligodendrocyte, astrocyte, or microglia morphology (Fig. 3P, T).
Furthermore, IgG and C1q proteins were regularly observed on the
surface of intact ependymal cells in the immediate vicinity of the
areas with microglial/macrophagic activation. In one case of the
focal loss of ependymal cells, IgG and C1q were present on the
resting ependymal cells and on the underlying vacuolated and
normal-appearing myelin in the place where ependymal cells
were lacking, indicating a possible trans-ependymal way of
spreading of myelin-specific I1gG.

Histopathology of the lesions of the spinal cord
Spinal cord lesions were observed in the WM of cervical and
lumbar segments in 6/18 animals, including 3/10 MOG1 and 3/8
MOG2 immunized macaques. Confluent demyelinating lesions
(MOG1: 2/10; MOG2: 1/8) were the most frequently observed
lesions. Histologically, these lesions were characterized by
intermediate to the large size of myelin destruction and by
marked infiltration with myelin-laden microglia/macrophages. In
addition, they showed marked up-regulation of the GFAP
astrocytic marker and low numbers of infiltrating CD3+ lympho-
cytes (Supplementary Fig. 4A-D). One animal (MOG1 immuniza-
tion) presented extended hemorrhages and mild neutrophilic
infiltrates. Overlying meninges were often infiltrated with a
moderate number of microglia/macrophages and with CD3+
lymphocytes. C1q protein was present at a moderate quantity
predominantly in the phagocytic vacuoles of activated microglia/
macrophages as well as in the infiltrating cells and extracellular
compartment of meninges. IgG immunoglobulins were absent in
these lesions except in the meninges (Supplementary Fig. 4E-F).
The perivascular lesions were seen in two animals with MOG2
immunization, whereas no such lesions were recorded in MOGT1
animals. As described for the brain, these spinal cord lesions were
characterized by oligofocal perivascular infiltrates with microglia/
macrophages and CD3" lymphocytes as well as by a mild up-
regulation of GFAP and Ibal markers next to the injured vessels
with no myelin vacuolation or phagocytosis in the surrounding
neuropil. These lesions were accompanied by minimal quantities

Laboratory Investigation (2021) 101:1513 - 1522



L. Stimmer et al.

Confluent Perivascular Prephagocytic
demyelination infiltrations lesions

s SV SN

Fig. 3 Histopathologic characteristics of observed brain lesions types. A-D HE stains. E-H Iba-1 microglia/macrophagic marker expression.
I-L CD3 expression in T lymphocytes. M-P IgG deposits. Q-T C1q complement protein expression. Note a relatively high number of infiltrating
microglia/macrophages and CD3 positive lymphocytes in the confluent demyelination and perivascular infiltration lesion types and a
relatively low IgG and C1q expression in these lesion types. In contrast to this, prephagocytic lesion and NAWM present an upregulation of
Iba-1 intensity, no notifiable cellular infiltrate, and relatively high IgG and C1q expression. A-L 100x magnification. M-T 200x magnification.
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of I9G and C1q proteins presented exclusively in the perivascular
spaces.

In addition to the above-named lesion types, one prephagocytic
lesion was observed in the subpial white matter of one MOG1
immunized animal. It was characterized by moderate myelin
vacuolation and moderate activation of microglia/macrophages
and astrocytes and rare CD3+ perivascular lymphocytes. For
technical reasons, IgG and C1q proteins could not be visualized in
this animal.

Comparison of the severity of the brain and spinal cord
lesions

To compare the overall severity of one lesion, we created a
cumulative severity score (Table 1). This score was based on a sum
of the severity scores for individual histologic changes (i.e.,
hemorrhage, myelin vacuolation, neuropil necrosis, macrophagic,
neutrophilic, and lymphocytic infiltration). Obtained scale grades
for each observed lesion scored between 0 and 27. As the next
step, a mean cumulative severity score per animal was built by
creating an average of severity grades for all lesions in each
animal. Obtained mean cumulative severity score was used for
comparisons between the group MOG1 and MOG2.

There was a significant difference (p <0.02) in overall severity
between MOG1 and MOG2 immunized animals (Fig. 1E). Indeed, in
the brain, the mean cumulative severity score of MOGI
immunized macaques (13.5 + 4) was significantly higher than that
of animals receiving MOG2 immunization (7.9+5). A similar
tendency could be observed concerning the spinal cord lesions.
However, the difference between both groups was not significant
(MOG1: mean cumulative severity score 10.7 £ 2.5; MOG2: mean
cumulative severity score 5.7 +2.9), (p = 0.08).

DISCUSSION

In this study, we show that two rhMOG/IFA emulsions prepared
with rhMOG of separate origins and disparate purity, elicit variable
intensity of immune activation and cause EAE of different severity
in macaques. The rhMOG with the highest level of E. coli
contaminants induced increased innate immune receptor signal-
ing and produced a more severe EAE than the purer rhMOG,
which favored a milder and more progressive disease. Thus, the
differences in immune activation and in the clinical and histologic
appearance of EAE could be attributed to contaminants from the
E.coli expression system in which the rhMOG protein was
produced. Clinically, the milder EAE observed in the MOG2 group
was defined by a decreased mean severity grade and an increased
number of remissions, reflecting longer disease development
time. Histologically, a significant decrease in overall lesion severity
and a higher number of early lesions (ie, NAWM and
prephagocytic lesions) were also observed in the MOG2 immu-
nization group. In addition, animals immunized with rhMOG-2
displayed subacute lesions, including lower frequency and
severity of hemorrhage, necrosis, and neutrophil infiltration. These
clinical and histopathologic characteristics reflect more closely
demyelinating lesions commonly observed in human ADD.
Indeed, mononuclear infiltrates of different severity are frequently
observed in acute active plaques in multiple sclerosis (MS), in
acute disseminated encephalomyelitis (ADEM), and in neuromye-
litis optica (NMO), whereas neuropil necrosis, hemorrhages, and
marked neutrophilic infiltration is observed with low frequency in
these diseases. However, the last three hallmarks are observed in
rare forms of demyelinating diseases, including the Marburg
variant of MS, the hyperacute variant of ADEM (Hurst syndrome),
and in severe lesions of NMO'. Taken together, the lower severity
and subacute character of histologic lesions resemble more
closely to the lesions observed in ADD. Thus, such an improved
model of EAE, induced with the purest rhMOG, can be better used
for understanding the pathophysiology of autoimmune
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demyelination. Especially the study of NAWM and of the
prephagocytic lesions could give valuable insights into the
pathogenesis of initiation of demyelination. In this model of a
more progressive EAE, the observed initial prephagocytic lesions
are characterized by low visible changes in HE stains, including
variable myelin vacuolation and virtually no cellular infiltrate. On
the other hand, these lesions often show marked microglial
activation and deposits of IgG and complement (C1q) on the
myelin. These characteristics are very similar to the observations
made in the pattern Il lesions of MS'. Antibody-mediated
demyelinated lesions are found in other MOG-sensitized EAE
models, including mouse and NHP models?’. Myelin destruction is
induced by the cooperation between encephalitogenic T cells,
demyelinating  anti-MOG  antibodies, and complement
activation?®,

The specific target of these complement-activating antibodies
has not yet been identified, despite the facts that elevated
immunoglobulins and activated complement components are
present in the CSF of MS patients, that serum and CSF from
patients with MS can cause demyelination in animals, and that
immunoglobulin deposition and complement activation are
present in immune pattern Il lesions?®2°,

In this study, we show that bacterial contamination, hardly
detectable with common techniques such as electrophoresis, may
increase the severity of EAE in NHP, by playing a role of an
additional adjuvant. Several mechanisms are important in the
ability of adjuvants to enhance immune responses and Toll-like
receptors (TLR) are one of the most important ways to activate
innate immunity. These TLR, also known as pattern recognition
receptors, are expressed by antigen-presenting cells and bind to
components from microorganisms that lead to activation of
antigen-presenting cells*°. Activation of TLR by bacterial compo-
nents either deliberately administered or inadvertently present in
immunizing mixtures has been referred to as the immunologist’s
“dirty little secret”®'. The first identified and most extensively
studied TLR in mammals is TLR4, which is the receptor that
mediates effects by lipopolysaccharide (LPS), the endotoxin
secreted by Gram-negative bacteria®2. We found TLR4 ligands in
MOG1 emulsion, which could stimulate this recognition pathway
in vivo and contribute to the aggravation of EAE. As described
previously, an anterior BPRC rhMOG preparation showed only a
slight stimulation of TLR4 (+2.4-fold increase) by the highest
rhMOG concentration in transfected HEK239 cells and it was not
clear if traces of LPS could elicit an immune-stimulating effect
in vivo®. Experiments in laboratory rodents have shown that LPS
alone is not sufficient for EAE development as it may induce
production of IL-10 by dendritic cells and because TLR4 knockout
does not prevent EAE®. In addition, LPS treatment prior to or
during the induction phase of EAE significantly delayed the onset
of disease>*3>. On the other hand, Saul et al. showed that LPS-
maturated bone marrow-derived dendritic cells could initiate
autoimmune pathology in mice®. Furthermore, high concentra-
tions of LPS may induce TLR 4 hyperstimulation inducing transient
impairment of T cell trafficking to the CNS due to altered
chemokine gradients>>. Taken together these studies suggest that
LPS alone represents an insufficient stimulus to initiate EAE in
rodents, but it can contribute to the development of lesions. Thus,
the effective EAE development depends in this case on the time
and degree of stimulation. Bacterial peptidoglycan (PGN) is a
further important component of the wall of Gram-positive and
Gram-negative bacteria, which could amplify autoimmune pathol-
ogy via activation of innate immune cells®’. Indeed, PGN or its
fragments activate pattern recognition receptors including TLR2,
NOD-like receptors (NLR), and specialized PGN recognition
proteins (PGLYRP1-4)*%, We observed increased activation of
TLR2 pathway by MOG1 compared to MOG2, however, found
bacterial residuals did not activate NLR in the present study. It
appears that bacterial PGN fragments could favor EAE induction
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and replace mycobacterial wall fragments in mouse EAE is driven
by the MOG35-55 peptide. Furthermore, antibodies directed
against the Muramyl dipeptide, a signature motif of PGN, limit
mouse EAE, indicating that endogenous PGN contributes to brain
inflammation>’-3%,

Our observations strongly suggest that a minimal quantity of
bacterial proteins associated with rhMOG can increase the severity
of EAE in non-human primates. Even if the mature immune system
of NHP does not necessarily need “danger” signals to reactivate
encephalitogenic T and B cells and initiate EAE, the severity of
clinical signs and histologic lesions could be enhanced through
these additional “danger” signals as shown in marmosets>°.
Moreover, systemic LPS injection initiates a wide range of
inflammatory responses in the brain, including an increase of
cytokines, chemokines, prostaglandins, and nitric oxide®. In
addition, LPS can also disrupt the integrity of the blood-brain
barrier, leading to its increased permeability for anti-myelin
antibodies and autoimmune T and B cells***'.

As stressed in materials and methods, the main limitation of this
study is that the two cohorts of macaques were immunized in two
different facilities. This implies that factors inherent to either
laboratory and different from the purity of rhMOG may have
contributed to modulating the course of EAE. Future experiments
of EAE induction in cynomolgus macaques with rhMOG of
controlled purity shall confirm that this sole precaution allows
inducing the more progressive model of EAE in macaques with all
the characteristics described in the present work.

In conclusion, here we describe that a milder form of EAE can be
obtained in macaques. We propose that low levels of contamination
of rhMOG with bacterial proteins are sufficient to increase the
severity of clinical and histologic hallmarks of EAE in the cynomolgus
macaque. The obtained refined EAE model with milder histologic
lesions reflects more accurately human demyelinating diseases and
allows studying the pathogenesis of disease initiation.
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