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EBV Infection Empowers Human B Cells for
Autoimmunity: Role of Autophagy and Relevance to
Multiple Sclerosis

Elena Morandi,* S. Anwar Jagessar,* Bert A. ‘t Hart,J”'“k’1 and Bruno Gran®3%!

The efficacy of B cell depletion therapy in multiple sclerosis indicates their central pathogenic role in disease pathogenesis. The B
lymphotropic EBV is a major risk factor in multiple sclerosis, via as yet unclear mechanisms. We reported in a nonhuman primate
experimental autoimmune encephalomyelitis model that an EBV-related lymphocryptovirus enables B cells to protect a proteolysis-
sensitive immunodominant myelin oligodendrocyte glycoprotein (MOG) epitope (residues 40—48) against destructive processing.
This facilitates its cross-presentation to autoaggressive cytotoxic MHC-E-restricted CD8"CD56" T cells. The present study
extends these observations to intact human B cells and identifies a key role of autophagy. EBV infection upregulated APC-
related markers on B cells and activated the cross-presentation machinery. Although human MOG protein was degraded less
in EBV-infected than in uninfected B cells, induction of cathepsin G activity by EBV led to total degradation of the immunodom-
inant peptides MOG3s5_s5 and MOG_,,. Inhibition of cathepsin G or citrullination of the arginine residue within an LC3-
interacting region motif of immunodominant MOG peptides abrogated their degradation. Internalized MOG colocalized with
autophagosomes, which can protect from destructive processing. In conclusion, EBV infection switches MOG processing in B cells

from destructive to productive and facilitates cross-presentation of disease-relevant epitopes to CD8* T cells.

Immunology, 2017, 199: 435-448.

ultiple sclerosis (MS) is a chronic demyelinating

immune-mediated disease of the CNS characterized by

inflammatory and neurodegenerative changes in the
brain and spinal cord. Strong evidence suggests that B cells have a
central pathogenic role in MS pathogenesis and progression. First,
B cell depletion with anti-CD20 mAbs is effective in reducing
disease activity in both relapsing and progressive forms of MS (1).
Second, the presence of oligoclonal bands of Igs in the cerebro-
spinal fluid is a sensitive biomarker of MS and has been associated
with MS activity, progression, and prognosis (2). Third, the
presence of B cell aggregates within tertiary lymphoid follicles
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has been detected in the meninges of patients with advanced MS
(3). B cells are thought to contribute to MS pathogenesis through
Ag presentation to T cells and the production of Abs and cytokines (4).

We focused our research on the processing and presentation by
B cells of the autoantigen myelin oligodendrocyte glycoprotein
(MOG). Processing of exogenous protein autoantigens involves
uptake into endosomes and partial degradation by endolysosomal
proteases. Peptides of the appropriate length are generated, which
are loaded within the endolysosomal compartment on HLA-II
molecules for presentation to CD4" T cells (5). The sequence of
events that leads to the processing and presentation of auto-
antigens in autoimmune diseases is still incompletely understood.
Self-reactive T cells that have escaped central and peripheral tol-
erance are present in healthy subjects, indicating that further path-
ogenic steps are required for the emergence of autoimmunity.
Infectious agents are thought to play an important role in triggering
autoimmunity, through effects on both APC and lymphocytes (6).

The etiology of MS is still unknown. On the background of
genetic susceptibility (7), both infectious and noninfectious en-
vironmental factors can modulate the risk of developing the dis-
ease. Among infectious factors, the lymphocryptovirus (LCV)
EBYV is the most strongly associated with MS. This virus infects
human B cells in ~90% of the general population and virtually
100% of those with MS. Adults without evidence of remote in-
fection by EBV appear not to develop MS, indicating that such
infection may be a prerequisite for disease development (8).
Several hypotheses have been proposed to explain how EBV in-
fection could trigger MS: bystander damage, cross-reactivity due
to molecular mimicry, activation of human endogenous retro-
viruses, and autoantigen presentation (9).

Evidence from a nonhuman primate (NHP) experimental au-
toimmune encephalomyelitis (EAE) model shows that the EBV-
related LCV CalHV3—-infected B cells play a critical role in the
pathogenesis of the disease. The data show that the anti-CD20
mAb, which had a robust clinical effect, induced systemic
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FIGURE 1. EBV increases Ag presentation—related markers of B cells. Isolated CD20" cells, CpG-—activated CD20" cells, B-LCL, and CD20 ™ cells were
obtained from the same subjects. (A) One representative histogram overlay is shown for each marker CD40, CD86, CD80, CD70, HLA-I (A, B, C), HLA-E,
and HLA-II (DR, DP, DQ). Dot-plot data are representative of n = 8 independent experiments from different donors showing the mean and the SEM of
extracellular expression of (B) cells positive for each marker and (C) their rtMFI (n = 8 pairing, repeated-measure one-way ANOVA with Greenhouse-
Geisser correction).
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FIGURE 2. B-LCL bind and internalize thMOG and can process hMOG and MOGj35_s5. (A—C) After incubation of B-LCL with rhMOG for 1, 3, 6 h,
and ON, rhMOG can be detected extra- and intracellularly by FC with primary 8-18C5 anti-MOG Ab and secondary FITC-anti mouse IgG. (A) Dot-plot
data are representative of n = 3 independent experiments from different donors summarized in (B). (C) The expression of rhMOG after 1 h incubation has
also been detected in the presence of Fc blocker. The last panel represents the control of the staining with no primary anti MOG Ab. (D and E) After
incubation of B-LCL with thMOG, the expression of CD80 has been reported after 1 h. (D) Dot-plot data are representative of (Figure legend continues)
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depletion of LCV, whereas treatment directed at B cell survival
factors, such as anti-BLyS or anti-APRIL, which were only par-
tially effective, did not reduce LCV viral load (10). LCV CalHV3
can influence the ability of B cells to process and present auto-
antigens to CD4" and CD8" T cells. The development of patho-
logical and clinical manifestations of EAE (CNS inflammation
and paralysis) in specific pathogen-free—bred mice requires the
administration of human MOG as an emulsion with CFA (heat-
killed mycobacteria emulsified with mineral oil), whereas in
rhesus macaques and marmosets IFA (only the mineral oil) is
sufficient. Interestingly, the infusion of autologous LCV-
infected B cells prepulsed in vitro with the immunodominant
MOGs3;4_5¢ peptide induced autoreactive T cell activation and
meningeal inflammation in rhesus macaques (11) and marmo-
sets (10). Specifically, LCV-infected B cells have a central role
in the activation of highly pathogenic MHC-E restricted effector
memory CD8*CD56" CTLs, which upon activation with
MOGs;,_s6 (the core epitope of the peptide is residues 40-48)
can elicit MS-like pathology and disease. LCV infection acti-
vates the cross-presentation machinery in NHP B cells and
prolongs the half-life of the CTL epitope. The fast proteolytic
degradation of the Ag in the endolysosomal compartment is
suppressed to enable translocation to the MHC class I loading
pathway. B cells are thus enabled to cross-present the marmoset
MOGy_45 epitope (YRSPFSRVV) to CD8" T cells. Cathepsin
(Cat)G has a leading role in the degradation of MOGs;s_s;, but
citrullination of Arg46 makes the peptide completely resistant
to proteolytic degradation in the rhesus monkey cell lysates
(12). The arginine (Arg) to citrulline (Cit) substitution is a
physiologically relevant modification of antigenic peptides, me-
diated by the enzyme peptidyl arginine deiminase, which can
occur in autophagosomes that form in stressed B cells. Autopha-
gosomes are implicated in cross-presentation and we have recently
proposed that they may also play a role in protecting MOG pep-
tides against destructive processing (13).

Having explored the above mechanisms in lysates of
NHP lymphocytes (12), in the current study we focused on the
effect of human EBYV infection and autophagy in MOG processing
by intact noninfected and EBV-infected human B cells. We used
EBV-infected B lymphoblastoid cell lines (B-LCL) generated
in vitro that represent a tissue culture model for human B cell
transformation and virus latency (14). We found that 1) EBV in-
fection increases Ag presenting cell-related markers on the sur-
face of B cells; 2) EBV-infected cells can bind and internalize
recombinant human (rh) MOG; 3) EBV infection reduces degra-
dation of thMOG, but leads to complete degradation of MOG
peptides harboring immunodominant epitopes (destructive pro-
cessing) due to increased activity of CatG; 4) citrullination of
Arg residues in a putative LC3-interacting region (LIR) motif
within epitopes protects immunodominant peptides from
degradation (productive processing) mediating the association
with autophagosomes; and 5) autophagy is directly involved in
processing MOG peptides and is induced by EBV infection.

We propose a new mechanism by which EBV infection mod-
ulates the processing of a disease-relevant myelin autoantigen
through autophagy. This could facilitate cross-presentation to CTLs
that may be involved in MS induction and progression.

MOG PROCESSING IN EBV-INFECTED HUMAN B CELLS

Materials and Methods
Study design

This is an experimental laboratory study performed with human peripheral
blood samples. The study was designed to better understand the role of EBV
infection in the processing of the MS-relevant autoantigen, MOG. Healthy
subjects (n = 8, mean age = 40.1, SD = 10.7) were recruited among vol-
unteers in the Division of Clinical Neuroscience at the University of
Nottingham. All subjects provided informed consent as approved by the
ethics review board. Study components were not predefined. The number
of replicates for each experiment is indicated in Results and in the figure
legends. Immunofluorescence experiments were not blinded, except for the
acquisition of data at the microscope. All other studies (flow cytometry or
protein gels) were performed without randomization or blinding. Infection
of the cells with EBV and the handling of EBV-infected cells were per-
formed following the University of Nottingham risk assessment protocols
for biological agents.

Cell culture

Human PBMC were separated by density centrifugation using Histopaque
(Sigma-Aldrich). CD20" B cells were purified by positive selection using a
CD20" cell isolation kit (Miltenyi Biotec) according to the manufacturer’s
protocol. CD20™ cells were also collected. The purity of the cells was
checked by flow cytometry (FC) after each isolation, and the typical purity
was >98% (Supplemental Fig. 1). Next, 10° CD20" isolated B cells were
cultured in complete medium (RPMI 1640 with 10% FCS, 100 U
penicillin-1 mg/ml streptomycin, 20 mM L-glutamine; all from Sigma-
Aldrich) with 30 pg/ml CpG oligodeoxynucleotides 2006 (InvivoGen,
sequence TCG TCG TTT TGT CGT TTT GTC GT) in 48-well plates for
24 h. Activation of CD20" cells was assessed using an anti-CD86 Ab by
FC (Supplemental Fig. 1). For the establishment of B-LCL, 5-10 million
of isolated PBMC were infected with supernatant from a B95.8 EBV-in-
fected marmoset cell line (kindly donated by J. Brooks, Birmingham). The
B95.8 supernatant was filtered on the PBMC pellet and PBMC mixed with
the virus were incubated overnight (ON) at 37°C. Infected PBMC were
cultured in 2 ml of CSA medium (complete medium + 1 pg/ml cyclosporin
A from Sigma-Aldrich) in 24-well plates. After achieving the correct
concentration, B-LCL were expanded using complete medium RPMI
1640. Once new B-LCL were established from each different donor, they
were expanded in culture and used for further experiments.

MOG processing

rhMOG was purchased from Cambridge Bioscience and six synthetic
peptides were purchased from Peptide 2.0 (Chantilly, VA). Peptides were
derived from the human MOG sequence downloaded from the National
Centre for Biotechnology Information protein database (http://www.ncbi.
nlm.nih.gov/protein, Supplemental Table I). Modifications included sub-
stitution of the positively charged Arg residues on positions 41 and 46, and
4 and 13, for uncharged Cit. A total of 10° cells were incubated with 1 pg
of thMOG or 2 g of MOG peptides for different time points as specified
in the figure legends at 37°C in 96-well plates in complete medium with or
without 0.1 mM Z-Gly-Leu-Phe-CMK CatG inhibitor (Sigma-Aldrich),
0.1 mM CatG inhibitor In2 (Calbiochem), or 0.01 mM E64 cysteine in-
hibitor (Sigma-Aldrich). When an Fc blocker was used, cells were incu-
bated with MOG in the presence of 2.5 pg per 10° cells of human BD Fc
Block (BD Biosciences). In CatG purified incubation, 5 mU/ml of human
CatG (Sigma-Aldrich) was used. To modulate autophagy, cells were cul-
tured either with 800 nM rapamycin (RAP; Calbiochem) for 4 h or 500 nM
bafilomycin (BAF; Calbiochem) for 3 h or 10 mM 3-MA (Sigma-Aldrich)
for 1 h.

Flow cytometry

Cells were washed two times with FACS buffer (PBS + 2% FCS) and
incubated in the dark for 30 min at 4°C with Abs for CD20 (2H7), CD86
(2331), CD80 (L307.4), CD40 (5C3), CD70 (Ki-24), HLA- DR, DP, DQ
(Tu39), HLA-ABC (G46-2.6), all from BD Biosciences and HLA-E
(3D12) from BioLegend. Isotype controls were included and fluores-
cence minus one samples were used to set the gating. For detection of

n = 3 independent experiments from different donors, summarized in (E). (F-1) The presence of MOG can be detected with SDS gel. B-LCL, CD20", CpG—
activated CD20*, CD20" cells have been incubated with (F) hMOG or () MOGs3s_ss for 4 h or ON CTRL shows the protein incubated without the cells
(rhMOG 14 kDa, MOGgs_ss 3 kDa). The right panel shows the mean with SEM of percentage degradation of hMOG and MOGs;s_ss after ON incubation in
independent experiments calculated as described in Materials and Methods (n = 4, paired nonparametric Friedman test). Control gels show (G) B-LCL,
CD20*, CpG-activated CD20*, CD20~ cells incubated with no protein or peptide and (H) B-LCL incubated with or without thMOG.
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thMOG, primary mouse IgG anti human MOG (8-18C5, kindly donated by
Prof. Linington, University of Glasgow) and secondary FITC goat F(ab")2
anti-mouse IgG (R&D Systems) were used. After incubation, cells were
washed again two times with FACS buffer and fixed with fixation buffer (2%
paraformaldehyde; BD Biosciences). For intracellular staining, cells were in-
cubated for 20 min at 4°C with fix/perm buffer (BD Biosciences) to fix and
permeabilize the cells; all washes were performed with perm/wash buffer (BD
Biosciences). Cells were analyzed by FC using LSRII flow cytometer (BD
Biosciences) and FlowJo software (version V10; Tree Star). Mean fluorescence
intensity (MFI) raw values were divided by the MFI of the isotype control in
each experiment to calculate relative MFI (rMFI) (relative to control).

Protein electrophoresis—based assay for processing
experiments

Cells previously incubated with MOG protein or peptides for different time
points (4 h, ON) were washed and frozen at —20°C. Samples with 4 X
loading buffer and 10X reducing agent (both Life Technologies) were
loaded in NuPage Novex Bis-Tris precast protein gels, 4-12% (Life
Technologies), and run at 100 V. Control (CTRL) was added loading only
the MOG protein or peptides incubated without cells and only cells
without the protein. Gels were stained with SimplyBlue SafeStain (Life
Technologies) for 2-3 h and decolorized ON. The imaging was on an
Odyssey scanner (LI-COR Biosciences) and quantified with Image Studio
Lite version 4.0 software (LI-COR Biosciences). The percentage of deg-
radation was calculated with the formula:

(MOG incubated without cells — MOG incubated with cells)/
MOG incubated without cells*100.

Western blotting for LC3

Cell pellets were washed twice with PBS and lysed with radio-
immunoprecipitation assay buffer (Sigma-Aldrich). Cell lysate was kept on
ice for at least 30 min and centrifuged for 10 min at 8000 X g at 5°C.
Bicinchoninic acid Protein Assay Kit (Thermo Scientific) was used for es-
timation of total protein content in the cell lysates. Color intensity was
measured at 562 nm with a Benchmark Plus Spectrophotometer (Bio-Rad)
and results analyzed with the Microplate Manager software. Equal amounts
of lysates were resolved by a 12% denaturating SDS-PAGE (180 V, for
60 min). Proteins were transferred to polyvinylidene fluoride transfer mem-
brane (GE Healthcare Life Sciences) (30 V, 90 min) and blocked in PBS-
tween 2% BSA (Sigma-Aldrich) for 1 h. Blots were incubated ON with
1:1000 rabbit monoclonal anti human LC3A/B (D3U4C) Ab (Cell Signaling)
and 1:10,000 mouse monoclonal anti human (-actin Ab (Sigma-Aldrich) at
4°C. They were then incubated with 0.06 pg/ml secondary 800CW donkey
anti-rabbit IgG (H + L) and 680RD donkey anti-mouse I1gG (H + L) (both
from LICOR Biosciences) for 1 h at room temperature. The membrane was
scanned with an Odyssey scanner (LI-COR Biosciences) at 700 nm (LC3)
and 800 nm (actin), and band intensities were quantified with Image Studio
Lite version 4.0 software (LI-COR Biosciences). To calculate LC3 relative
expression, in each Western blot the band intensity for each cell group was
divided by the band intensity of CD20" cells (considered as one).

CatG activity assay

CatG activity was measured in 200 pg/ml cell lysates in a total volume of
40 w1 160 mM Tris-HCL +1.6 M NaCl + 5 mM DTT (pH 7.4), and with or
without the Z-Gly-Leu-Phe-CMK CatG inhibitor (0.1 mM; Sigma-
Aldrich). After a preincubation of 30 min at 37°C, 10 wpl of 200 pM
Z-Gly-Gly-Arg-AMC substrate (Bachem, Bubendorf) was added. The total
mixture was incubated for different time points (1, 3, 6 h, ON) at 37°C and
fluorescence was measured with the Fluorostar OMEGA plate reader
(BMG Labtech) at excitation wavelength 355 nm and emission 460 nm. As
positive control, 5 mU/ml human CatG was used (Sigma-Aldrich). Values
were normalized with the background measured with the substrate alone.

Immunofluorescence

Cells were washed with PBS with 2 mM EDTA and 0.5% BSA, and cytospins
(50,000 cells per slide) were made with the Cytospin 4 Cytocentrifuge
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(Thermo Fisher Scientific). Cells were fixed and permeabilized for 30 min with
cold 100% methanol, air dried, blocked with PBS + 5% FCS, and incubated
with 1:100 rabbit monoclonal anti human LC3A/B (D3U4C) Ab (Cell Sig-
naling), 1:100 mouse monoclonal anti human (3 actin Ab (Sigma-Aldrich),
and 1:100 mouse IgG anti human MOG (8-18CS, kindly donated by Prof.
Linington) in PBS+ 5% BSA ON at 5°C. Cells were washed three times with
PBS and incubated with 1:1000 secondary CF 488A goat anti-rabbit IgG
(H + L) Ab and CF 568 goat anti-mouse IgG (H + L) Ab (both from Sigma-
Andrich) for 1 h at room temperature in PBS/1% BSA. After four final wash
steps with PBS, coverslips were mounted with Vectashield mounting medium
for fluorescence with DAPI (VECTOR). Imaging was performed with
LSM880 confocal laser scanning microscope (Zeiss). A measure of LC3
expression was calculated using ImageJ (ImageJ-win64; National Institutes of
Health). Thresholds were set to define regions of interest (ROISs) using the
actin images. These ROIs were then used to analyze the expression of actin
and LC3 within each particle (individual cell). The mean pixel intensity of
CD20™ cells was used as the denominator to normalize the expression of LC3
in the other cell types (the mean intensity of CD20" cells is considered as
one). Different experiments were performed maintaining identical image
acquisition settings and exposure times.

Statistics

GraphPad Prism 7 was used for all statistical analysis. Repeated one-way
ANOVA was used for statistical comparisons in FC experiments. A paired
nonparametric Friedman test was used for statistical comparison in
quantification of gels. When more than one variable was considered, paired
repeated two-way ANOVA was used. All statistical tests have been indicated
in the figure legends. A p value =0.05 was considered significant.

Results

EBV infection upregulates Ag presentation—related markers

To study the effect of latent EBV infection in B cell processing and
Ag presentation, we used B-LCL in comparison with other cell types
derived from the same subjects: primary uninfected CD20* B cells,
CD20~ PBMC subfraction, and CD20" B cells activated ON with
the TLR9 agonist CpG as a positive control (Supplemental Fig. 1).
Previous reports indicate that CpG-activated B cells are capable of
Ag cross-presentation (15, 16).

B-LCL are often used as prototypical APC in immunological
assays. We measured the expression of principal Ag presentation—
related markers to see if EBV can phenotypically induce their
expression and increase cytokine production. EBV infection in-
creased the expression of CD86, CD80, CD70, HLA-E, and class
II (DR, DP, DQ) both in terms of rtMFI (Fig. 1A, 1C) and the
percentage of cells positive for the markers (Fig. 1B) as compared
with all the other groups. CD40 was expressed by all the B cell
groups, with higher rMFI in B-LCL (Fig. 1A, 1C). HLA class I (A,
B, C) was expressed by all the different cell groups, with higher
rMFI in B-LCL (Fig. 1A, 1C). B cells activated with CpG had an
increased expression of CD40, CD86, CD80, and HLA-E com-
pared with the primary uninfected CD20" cells, but the expression
levels were significantly lower than in B-LCL.

In B-LCL, there was also an increased production of IFN-v,
but not TNF-a and IL-10, compared with other cell types
(Supplemental Fig. 2).

These results confirm the previous indication (17, 18) that EBV
infection leads to a potent activation of B cells, with increased
expression of some of their Ag presentation markers.

B-LCL internalize and process rhMOG and MOG3s_ss

MOG is an indispensable component of human myelin for the
induction of chronic EAE in marmosets (19). The immunodominant

cells alone with CMK. (E) Purified human CatG was incubated ON with rhMOG and MOGs;s_s5 with or without CMK and In2. CatG line shows the purified
CatG alone (n = 3, paired nonparametric Friedman test). (F) Activity measurement of CatG was performed in the absence or presence of CMK in the
indicated cell lysates after ON incubation (n = 3, paired repeated-measure two-way ANOVA). (G) CatG contained in different concentration of B-LCL
lysates (0.2, 0.6, 1.8 mg/ml) with or without CMK was measured after 1, 3 h and ON (n = 3, paired repeated-measure two-way ANOVA).
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FIGURE 4. Citrullination in p46 protects MOGs;s_s5 from degradation by B-LCL. MOGs3s_ss was synthetized whereas the Arg at positions 41 or 46 were
replaced by Cit. (A and B) The peptides MOG3;5_s55Cit41 and MOG3;5_55Cit46 were incubated ON with (A) purified human CatG with or without CMK and
(B) with B-LCL, isolated CD20", CpG-activated CD20", and CD20" cells. (C) The citrullinated peptides were also incubated with B-LCL, CD20*, and
CD20" cells with or without CMK and E64 ON. The right panel of (B) and the bottom panel of (C) show the mean with SEM of percentage degradation of
MOG;3;5_55Cit41 and MOGs;s_55Cit46 after ON incubation in independent experiments calculated as described in Materials and Methods (n = 4, paired
repeated-measure two-way ANOVA).
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MOGg;4_s¢ peptide harbors the MOGyy_45 epitope of autoag-
gressive effector memory CD8*CD56" CTL, which mediates
a novel pathogenic mechanism leading to progressive disease
(20, 21).

We first analyzed the binding and uptake of hMOG by B-LCL.
After 1, 3, 6 h, and ON (16-20 h) incubation, surface and intra-
cellular MOG were measured by FC using the 8-18C5 anti-MOG
Ab that only recognizes a conformational epitope, which is
formed by the apical B-C, F-G, C’C” loops (22). After incubation
we could detect MOG on the B-LCL surface and inside the cells
(Fig. 2A). Extracellular staining reached a peak at 1 h and de-
creased thereafter, suggesting that the Ag is ingested by the B cells
(Fig. 2A, upper panels; 2B). Intracellular MOG detection already
increased within 1 h, from 1.74 to 22.4% although the fluores-
cence intensity was lower than the extracellular measurement,
suggesting protein degradation, although it may be due to the use
of permeabilization reagents. The amount of staining cells in-
creased to 23.5% at the 3 h time point and decreased afterward to
the background level in the ON incubation (Fig. 2A, lower panels;
2B).

Blockade of the Fcy receptor did not significantly reduce either
surface or intracellular staining (Fig. 2C), indicating that the ob-
served effects were not due to MOG captured in immune com-
plexes. An increased expression of CD80 (Fig. 2D, 2E), but not
CD40 and CD86 (Supplemental Fig. 3), after 1 h incubation
suggested a modest increasing effect of hMOG on the expression
of markers relevant for Ag presentation.

We then analyzed thMOG degradation by the different cell
groups to study whether EBV infection has a specific effect on
processing of the protein by B cells. hMOG was incubated for 4 h
and ON with the different cell groups, after which degradation was
analyzed on SDS gel and quantified. Fig. 2F shows intact thMOG
as a single band of ~14 kDa (Fig. 2F, CTRL line). In primary
CD20* and CD20 " cells, high degradation of thMOG was de-
tected after 4 h and ON incubation; in CpG-activated B cells and
B-LCL, a lower degree of degradation was observed (Fig. 2F).
Controls are presented showing a gel with only cells with no MOG
(Fig. 2G) and also only B-LCL with or without rhMOG (Fig. 2H).

These data indicate that EBV infection and activation with CpG
may reduce the proteolytic degradation of rhMOG by human
B cells.

Next, we tested the proteolytic degradation of the immunodom-
inant MOGss_ss peptide, a human T cell epitope that can induce
EAE in mice as well as NHP (21, 23). The peptide, which is
demonstrated in the gel as a 3 kDa band (Fig. 2I, CTRL line), was
completely degraded by B-LCL, and to a lesser extent by CD20
cells, CpG-activated CD20" cells, and unstimulated B cells
(Fig. 2D).

These results suggest that EBV infection of B cells may lead to
modifications in MOG processing, thereby rescuing rhMOG from
major degradation, but allowing B cells to degrade MOG35_s5 more
effectively (destructive peptide processing).

EBV increases degradation of MOG3s_ss by B cells
through CatG

Cathepsins are a family of endocytic proteases with different
substrate specificity and tissue distribution. They are grouped in
cysteine (CatB, C, F, H, L, S, V, X, and AEP), serine (CatG and A),
and aspartate (CatD and E) cathepsins, and are differentially

443

expressed by specific types of APC. Protease-determined models of
Ag processing suggest that cell-specific proteolytic activity can
unlock protein Ags by conformational effects on whole proteins as
well as generate immunodominant peptides (24). Such processes
have important implications for the activation of Ag-specific
T cells by APC. In the rhesus macaque and the marmoset, we
previously showed that CatG destroys the pathogenic MOGyg_45
epitope in lysates of LCV-infected B cells. In this study, we tested
the hypothesis that EBV has the same effect in intact human
B cells.

We fed rhMOG and MOGs;s_s5 to the different cell types in the
presence or absence of cathepsin inhibitors: CMK as specific CatG
inhibitor and E64 as cysteine cathepsin inhibitor. In B-LCL,
CD20%, and CD20™ cells CMK inhibits the degradation of
rhMOG (Fig. 3A) and MOGgss_ss (Fig. 3B), whereas E64 does not
have any major effect. Controls are presented showing a gel with
only cells with or without CMK (Fig. 3C). These results indicate
that in all cell types analyzed, the serine protease CatG is leading
the degradation of MOG or MOGgs_ss.

A different CatG inhibitor, C36H33N,06P (In2), also protected
MOG3;s_s5 from total degradation after ON incubation with
B-LCL (Fig. 3D). In addition, both CMK and In2 rescued rhMOG
and MOGg;s_ss from degradation induced by purified human CatG
after ON incubation (Fig. 3E).

We and others (12, 25) showed that B cells and B-LCL do not
express CatG mRNA. CatG is mainly produced by neutrophils, but
can be internalized by other cells (such as primary monocytes,
B cells, dendritic, and murine microglia), probably in an inactive
form, through a thrombin-like cell-surface receptor. To test the
hypothesis that EBV infection increased CatG activity in B cells,
we examined the lysates of different cell types using protease-
specific assays. After ON incubation, CatG activity was higher
in B-LCL than in CD20*, CpG-activated CD20", and CD20 " cells
(Fig. 3F). Such activity was concentration-dependent, increased
over time, and was inhibited by CMK (Fig. 3G).

These data suggest that EBV induces CatG activation leading to
degradation of MOGg;s_ss.

Citrullination of MOG3s_ss in position 46 rescues the peptide
from degradation

The CatG active site comprises aspartate, histidine, and serine
residues, and hydrolyzes peptide bonds near aromatic and strongly
positively charged residues (F, K, R, or L) in the P1 position (26).
The core 40-48 epitope of the human MOGs;s_ss peptide contains
four potential CatG cleavage sites (YRPPESRVYV): the two posi-
tively charged Arg residues at position 41 and 46 and the aromatic
residues Tyr (Y40) and Phe (F44). To test the hypothesis that
substitution of Arg4l or Arg46 by neutrally charged Cit would
affect the degradation of MOGg;s_ss by CatG, we incubated
MOGs3;s_ssCit41 and MOGs;s_ssCit46 with purified CatG ON. We
observed complete protection from degradation (Fig. 4A).

We then incubated MOG;5_s5Cit41l and MOG;5_55Cit46 with
B-LCL, CD20* cells, CpG-activated CD20" cells, and CD20~
cells. After ON incubation, the Arg41Cit substitution did not alter
the sensitivity of the peptide to degradation. By contrast, the
Arg46Cit substitution protected the peptide from degradation by
B-LCL and CpG-activated CD20" cells (Fig. 4B). As expected,
the CatG inhibitor CMK reduced the degradation of MOGg;s_ssCit41
by B-LCL and CD20" cells (Fig. 4C).

were incubated ON with CD20", B-LCL, CpG-activated CD20*, and CD20~ cells. The right panel shows the mean with SEM of percentage degradation of
MOG_,,Cit4 and MOG,_,,Citl3 after ON incubation in independent experiments calculated as described in Materials and Methods (n = 3, paired

repeated-measure two-way ANOVA).
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Together, these data show that the Arg to Cit46 substitution
makes MOGg3s_ss resistant to proteolytic degradation by B-LCL,
whereas citrullination of the Arg41 residue seems to have no
effect.

Critical role of LIR motif citrullination in protection of MOG
peptides from processing

In our previous studies in NHP, we showed that the Arg46 residue is
part of a putative LIR motif in marmoset MOG35_ss and that the
citrullination of this residue protected the LIR motif from degra-
dation in LCV-infected B cells (12). The microtubule-associated
LC3, in particular the phosphatidylethanolamine-linked isoform
LC3-11, is expressed on the double membrane of the autophago-
some and serves as a docking molecule for proteins targeted for
degradation.

The consensus sequence of LIR motifs is [W/Y/F]xx[L/I/V],
where x can be any amino acid (27). In the case of an F-LIR core
motif, the presence of an acidic residue (E, D, S, T) close to the
N-terminal site of the LIR motif is important for stabilization
of the relatively weak interaction between F-LIR and LC3-II.
We scanned the thMOG sequence and found three potential
LIR motifs: residues 3—6 (FRVI), 44-47 (FSRV), and 118- 122
(FYWYV) (Fig. 5A). The Arg46 residue is located in the 44FSBV47
LIR motif of MOG3;s_ss. We hypothesized that protection of an
LIR motif against cleavage by CatG via citrullination would
permit binding to LC3-II and association with the autophago-
some. We tested this hypothesis in further processing experi-
ments together with another immunodominant MOG peptide,
i.e., MOG|_5p, which contains a putative F-LIR motif in resi-
dues 3-6 (FRVI) (Fig. 5A). Similar to MOGg;s_ss, this peptide
was totally degraded in B-LCL and CD20  cells after ON in-
cubation (Fig. 5B). CMK and In2 protected MOG;_,, from
degradation by B-LCL, demonstrating a leading role of CatG in
the processing of this peptide (Fig. 5C). Next, we tested the
effect of citrullination of Arg4 and 13 in MOG,_,o (Fig.5D).
Again substitution of Arg4 by Cit, which is located within the
F-LIR motif, protected the peptide from the degradation by all
cell types, whereas Argl3 substitution did not (Fig. 5D).

Together, these data show that in both MOG3;5_ss and MOG_,
citrullination of the Arg residue within an LIR motif rescues the
peptide from degradation, suggesting a role for the autophago-
some in their processing.

EBYV induces autophagosomes in B cells

Next, we studied the effect of EBV on LC3-II expression as a
marker of autophagy. Higher expression of LC3-II was detected in
B-LCL as well as CpG-activated B cells (Fig. 6A, 6B). Treatment
with BAF (an inhibitor of the fusion between autophagosomes and
lysosomes) further increased LC3-II levels in EBV-infected cells
assessed by Western blot and immunofluorescence (Fig. 6C-F).
This suggests that the rate of LC3-II formation is higher in B-LCL
and in CpG-activated B cells compared with other cell types.
Immunofluorescence demonstrates colocalization of rhMOG and
LC3 after incubation of B-LCL with rhMOG for 1 h at 37°
(Fig. 6G), indicating the internalization of rhMOG by B-LCL and
its translocation inside autophagosomes.
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Induction of autophagy in B-LCL further protects citrullinated
MOG peptides from degradation

To further explore the role of autophagy in MOG processing, we
treated B-LCL with RAP (an inhibitor of mTOR signaling and
activator of autophagy), BAF, or 3-MA (an inhibitor of phagophore
formation) (Fig. 7A). LC3-II expression was detected by Western
blot as a marker of the autophagy flux. As expected, treatment of
B-LCL with RAP and BAF led to increased levels of LC3-II, due
to its increased expression and accumulation, respectively. We
found that 3-MA had modest effects (Fig. 7B). Next, we incubated
B-LCL treated with the above-mentioned stimuli with MOGss5_ss,
MOG3;s5_55Citdl, MOG;5_55Cit46, MOG,_ 59, MOG,_,oCit4,
MOG_5Citl3 (Fig. 7C-J). The key finding was that RAP treat-
ment further reduced degradation of the citrullinated peptides
MOG;s_ssCit46 (Fig. 7E, 7F) and MOG, ,,Cit4 (Fig. 7H, 7)),
suggesting that stimulation of autophagy enhances the protection
of peptides with a CatG-resistant LIR motif from degradation in
B-LCL.

Discussion

The association of remote EBV infection with increased sus-
ceptibility to MS is well established (8). The mechanisms un-
derlying this association, however, have not been clearly
elucidated. In this study, we propose that EBV alters the ability
of B cells to process and present a pathogenetically relevant
myelin autoantigen in a way that leads to autoimmunity. Spe-
cifically, EBV infection of B cells endows them with the ca-
pacity to cross-present a proteolysis-sensitive epitope of MOG
to strongly pathogenic CD8*CD56" T cells in the context of
MHC-E molecules (20). MOG is a crucial myelin component
for the establishment of chronic neuroinflammation in NHP and,
potentially, in humans (28).

The success of anti-CD20 treatments in MS underscores the
key role of B cells as APC in the disease. The B cells of MS
patients are thought to express higher levels of costimulatory
molecules than healthy controls (29-31), suggesting an en-
hanced APC function of B cells in MS. In the marmoset EAE
model, considered by many as the closest to the human dis-
ease, the pathogenic CD20" B cells are those infected by LCV,
suggesting that the virus could have a critical role in inducing
autoimmunity. In this study, we show that EBV infection of
human B cells leads to upregulation of HLA class I (A, B, C,
and E) and II (DR, DP, and DQ) molecules, as well as the
costimulatory molecules CD86, CD40, CD80, and CD70. This
increased expression, combined with the previously docu-
mented induction of immunoproteasome elements, indicates
the activation of the cross-presentation machinery (12, 32).
Our studies in the marmoset EAE model indicate that CD80
and CD70 mediate the cross-talk of LCV-infected B cells and
autoagressive MOGg34_s¢ specific CTLs (33). We speculate that
our findings in human B cells (Fig. 1) may reflect similar
mechanisms of relevance to the pathogenesis of MS.

The finding that stimulation of B lymphocytes with CpG leads
to upregulation of CD40, CD80, and CD86 are supported by pre-
vious reports (34-36). Together, our data emphasize that both

background, and means of relative expression of n = 3 experiments were plotted in the graph. (C—F) Autophagy activity was detected in cells cultured with or
without BAF. (C) Indicated cell lysates were immuno-blotted for LC3 and actin as house-keeping gene product, and (D) the density of the LC3-I and LC3II
bands were quantified, corrected for the background, and means of relative expression to CD20" cells of n = 3 experiments were plotted in the graph. (E)
Cells were stained for immunofluorescence with anti-actin (red) and anti-LC3 (green) and representative images of three independent experiments are
shown for cells treated or not treated with BAF. (F) Bar chart represents the mean of the relative quantification of LC3 in cells with or without BAF inn =3
independent experiments (n = 3, one-way ANOVA) calculated as described in Materials and Methods. (G) B-LCL were incubated 1 h with or without MOG
and stained for immunofluorescence with anti-MOG (red) and anti-LC3 (green). Original magnification X400.
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FIGURE 7. Autophagy is directly involved in MOG processing. (A) B-LCL were treated with RAP, BAF, and 3-MA. (B) Autophagy activity was
detected through Western blotting. Treated B-LCL were immuno-blotted for LC3 (left part), and the density of the LC3-I and LC3II bands were quantified,
corrected for the background, and the ratio LC3II/LC3I was plotted in the graph (right part). Treated B-LCL were incubated ON with the peptides (C)
MOGs;s_ss, (D) MOGgs_s5sCit41, (E) MOGs3s_s5sCit46, and (G) MOG; 5o, (H) MOG;_»(Cit4, and (I) MOG, ,Citl3. The panels (Figure legend continues)
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EBYV infection and CpG activation (16) can render B cells as
more potent APC and, specifically, able to cross-present exog-
enous Ags in an MHC class I-restricted manner, although sev-
eral differences between the two types of activated B cells were
found. Although the percentage of cells with an upregulation of
costimulatory molecules CD40 and CD86 was comparable, the
expression level per cell differed markedly. Moreover, it was
only in B-LCL that we observed strong induction of CD70,
CD80, and HLA-E, both in cell frequency as well as the ex-
pression level per cell (Fig. 1). Finally, CpG activation of B cells
does not activate CatG, therefore MOG peptides are less de-
graded than in B-LCL. These data extend our recent observation
of T cell activation mechanisms induced by LCV infection of
NHP B cells (12).

We then focused on the subsequent steps of Ag processing,
i.e., binding, internalization, and breakdown of Ag. After incu-
bation of B-LCL with rhMOG, we observed its binding to the cell
surface as well as its internalization. These two processes peaked at
1 and 3 h, respectively, followed by a rapid reduction in detectable
protein. During this process the conformational B cell epitope
remains initially intact, as could be deduced from the binding of the
8-18C5 anti-MOG Ab. It is likely that reduced surface staining
reflects internalization, whereas reduced intracellular staining re-
flects degradation of the conformational epitope (22). However,
after 1 h of incubation, a proportion of rhMOG with the confor-
mational epitope detected with the 8-18CS5 epitope intact could be
detected in autophagosomes. The increased expression of CD8S0
after 1 h suggests simultaneous activation of the Ag presentation
machinery during uptake of thMOG.

Our findings of reduced degradation of thMOG upon EBV in-
fection of B cells (Fig. 2F) suggest that EBV confers protection
from the processing of the whole protein. However, the generation
of smaller peptides in the 3—14 kDa range is observed in B-LCL
(Figs. 2, 3), but not in CD20" uninfected B cells, suggesting the
breakdown of MOG into 10-20 aa long peptides. The opposite
scenario is observed after incubation of the cells directly with the
immunodominant peptide MOGs;s_ss, with its complete degrada-
tion by B-LCL, but not by noninfected and CpG-activated B cells
(Figs. 2, 3). Similar to our previous study, we encountered the
paradox that the Ag degradation is mediated by CatG even though
its mRNA is not expressed in B cells. However, bioactive CatG is
identified in the lysate of EBV-infected B-LCL and is likely de-
rived from human serum via receptor-mediated surface binding
(37). The inactive form of CatG may be activated by the serine
protease activator CatC, the production of which is increased by
EBYV infection of B cells (12). The current observation that CatG
activity in B-LCL increases upon prolonged incubation supports
this explanation (Fig. 3G).

The core message of this study is on the role of LCV-induced
autophagy in the protection of MOG epitopes against destructive
processing. Manoury et al. (24) reported the compelling observation
that auto-reactive T cells specific for myelin basic protein (MBP)
epitopes that are sensitive to proteolysis by AEP in thymic epithelial
cells may escape thymic selection. Activation of these T cells in the
periphery is likely prevented by destructive processing of the same
epitopes by AEP and/or CatG in B cells (25). In the case of MOG,
this tolerogenic function seems to involve a small subset of thymic
B cells (38). Our observation in marmosets suggests that B cells in
the peripheral immune system may prevent autoaggressive T cell
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activation by destructive processing of the critical autoantigen
epitope MOGy_45. EBV infection could convert this tolerogenic
mechanism into productive processing of the epitope. The peptide
that survives the processing in autophagosomes is then loaded on
HLA-E and presented to autoreactive CTLs facilitating autoim-
munity (39).

Interestingly, citrullination of just one of the two CatG-targeted
Arg residues (position 46, but not 41) protects MOGg3s_ss against
degradation. The critical role of the Arg46 residue appears to be
its participation in a F-LIR motif, through which the peptide can
associate with LC3-II in autophagosomes (27). When this motif is
intact, the peptide can associate with autophagosomes, thus pro-
longing its survival. Nevertheless, lack of association with the
autophagosome may lead to degradation of the citrullinated pep-
tide. In line with this concept, we show that increasing the for-
mation of autophagosomes with RAP increases protection of
MOGs;s_ss. By contrast, inhibition of autophagy with 3-MA en-
hances its degradation. Of note, the lack of the effect of BAF on
peptide processing may be due to its effects being distal to auto-
phagosome formation (Fig. 7). Results obtained with MOG,_,, are
also consistent with these concepts.

We propose that MOG citrullination is a key peptide modifi-
cation in the context of autophagy. Indeed, there is increasing
evidence that citrullination may play an important role in MS
pathogenesis. Increased citrullinated MBP was found in areas of
both ongoing and past demyelination in active and chronic active
MS lesions, whereas lower levels of citrullinated proteins were
observed in control white matter (40). Increased citrullination was
also detected in the brains of EAE mice (41). Moreover, HLA-
DRB1*15:01 and -DRB5*01:01, which are contained in the HLA-
DR2 haplotype that confers the greatest genetic risk for MS,
preferentially present peptides that have been citrullinated at key
HLA-binding residues (42).

In the animal model it has been reported that citrullinated forms
of myelin autoantigen can induce or exacerbate autoimmunity.
Citrullinated MBP was highly encephalitogenic in Lewis rats upon
active immunization, and adoptive transfer of cMBP-specific
T cells led to severe clinical EAE in these animals (43). In
mouse EAE, T cells specific for citrullinated MOG peptide
transferred into mice with ongoing EAE caused exacerbation of
pathology (44). Of note, mice lack an ortholog of EBV-infected
B cells. Our previous study showed that infusion of rhesus mon-
keys with autologous B cells infected with an EBV-related LCV
and prepulsed with citrullinated MOG3;4_s¢ peptide induced au-
toreactive T cell activation and early signs of encephalitis (10).

To our knowledge, this is the first report that shows the direct
implication of autophagy induced by a virus in the processing of
autoantigens by human immune cells. Presentation of Ag by resting
B cells does not result in immunity activation, but rather in tol-
erance of the corresponding T cell (45), but when B cells are
infected by EBV a different scenario unfolds. In particular, only a
small fraction of all B cells (0.5-300/10° memory B cells) carries
the virus (46). Consequently, the difference between the preva-
lence of MS (affecting ~0.1% of the population) and of EBV
infection (60-90% of the population, depending on age and en-
vironment), might depend on the fraction of myelin Ag—specific
B cell clones that are infected by EBV. These mechanisms are of
particular relevance for MS, but may also underlie other autoim-
mune diseases (47) in which citrullination is involved.

show the mean with SEM of percentage degradation of (F) MOGs3s_ss, MOG3s_s5sCit41 and MOGs;s_ssCit46, and (J) MOG_59, MOG_»(Cit4 and MOG;_,(Cit13

after ON incubation in n = 3 independent experiments calculated as described in Materials and Methods (n = 3, paired repeated-measure two-way

ANOVA).
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