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Abstract

Multiple sclerosis (MS) is a demyelinating and degenerative disease of the central nervous system (CNS) with a strong
inflammatory component that affects more than 2 million people worldwide (and at least 400,000 in the United States).
In MS, macrophage migration inhibitory factor (MIF) and D-dopachrome tautomerase (D-DT) enhance the inflammatory
event as a result of their interaction with their cognate receptor CD74. Therefore, the search for new agents aimed at
blocking this interaction is critical for therapeutic purposes and will be of paramount importance for the treatment of
MS. DRx1-MOG-35-55 constructs have been demonstrated to be effective in the treatment of experimental autoimmune
encephalomyelitis (EAE) a mouse model for MS. This effect is directly correlated with the binding to its cell surface
receptor, CD74, apparently preventing or blocking the binding of two inflammatory factors, MIF and D-DT. Here we
report that a single amino acid substitution (L50Q) in the DRal domain of the human and mouse DRx1-MOG-35-55
constructs (notated as DRhQ and DRmQ, respectively) possessed increased affinity for CD74, a greater capacity to block
MIF binding, the ability to inhibit pERK1/2 signaling and increased therapeutic activity in mice with EAE. These data
suggest that binding affinity for CD74 could serve as an in vitro indicator of biological potency of DRhQ and thus
support its possible clinical utility as an effective therapy for MS and perhaps other diseases in which there is an
inflammatory reaction driven by MIF and D-DT.
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Multiple sclerosis (MS) is the most prevalent chronic inflam-
matory disease of both white and grey matter of the central
nervous system (CNS), affecting more than 2 million people
worldwide and at least 400,000 in the United States (Group
2017). Currently there is no cure for MS. Thus, MS patients
have to rely on disease modifying therapies (DMT)
(Wingerchuk and Carter 2014) in order to ameliorate some
of the disease signs. About 15 disease-modifying medications
are available for the relapsing and remitting form of MS
(Reich et al. 2018). The inflammatory process in MS is medi-
ated by autoimmune driven demyelination, often accompa-
nied by neurodegenerative injuries (Frohman et al. 2006;
Herrero-Herranz et al. 2008; Sospedra and Martin 2005;
Steinman 1996). In both the animal model of MS, experimen-
tal autoimmune encephalomyelitis (EAE), and in MS subjects,
multiple lines of evidence support the crucial role of
autoreactive, myelin-specific, CD4" T cells in the autoimmune

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11011-018-0331-2&domain=pdf
mailto:vandenba@ohsu.edu

154

Metab Brain Dis (2019) 34:153-164

disease process (Chitnis 2007; Herrero-Herranz et al. 2008;
Steinman 1996; Zamvil and Steinman 1990). Key cytokines
thought to drive the early inflammatory stage of MS to a
chronic progressive phase are macrophage Migration
Inhibitory Factor (MIF), the first described cytokine, and its
ancestral functional homolog, D-dopachrome tautomerase (D-
DT) (Benedek et al. 2017). MIF and D-DT levels are in-
creased and have been implicated as markers of clinical wors-
ening in MS and as a requirement for disease progression in
EAE (Benedek et al. 2017; Meza-Romero et al. 2014; Niino
et al. 2000; Powell et al. 2005).

Our laboratory designed a potent biological therapy called
RTL1000 and a second-generation derivative, DRa1-
human(h)MOG-35-55, that binds tightly to the MIF/D-DT
receptor, CD74, and competitively inhibit MIF/D-DT binding
and downstream signaling through phosphorylated extracellu-
lar signal-related kinases (p)ERK1/2 (Benedek et al. 2013,
2015; Vandenbark et al. 2003). RTL1000 and DR«x1-
hMOG-35-55 can treat mice with EAE after onset of clinical
signs resulting in the inhibition of T cell and macrophage
activation and migration into the CNS and reduced disease
severity (Benedek et al. 2013; Vandenbark et al. 2003). RTL
treatment was also found to enhance anti-inflammatory
macrophage/microglia cell numbers, promote re-myelination
and reduce the severity of acute and chronic EAE (Meza-
Romero et al. 2014).

In this work we demonstrate: 1) an amino acid substitution
of glutamine for leucine at position 50 (L50Q) of the DR 1-
hMOG-35-55 construct (termed DRhQ) altered the affinity of
the construct for CD74, with an 8§ to 10-fold increase in binding
capacity; 2) this substitution did not affect the structure of the
molecule as evaluated by circular dichroism and antibody
probing; 3) the increased binding affinity translated into a com-
mensurate ability of DRhQ to competitively inhibit MIF bind-
ing to its cognate CD74 receptor; 4) treatment of EAE WT
C57BL/6 mouse splenocytes with DRhQ reduced ERK1/2
phosphorylation in vitro to a background level; and 5) the
L50Q substitution significantly enhanced the ability of the
construct to treat ongoing clinical signs of severe EAE.
These data suggest that binding affinity for CD74 could serve
as an in vitro indicator of biological activity of DRhQ.

Material and methods
Fab, antibodies and other reagents

G4 is a human Fab reactive to the DRx1 domain derived
from a human IgG library and was a kind donation from
Dr. Yoram Reiter, Technion Israel. Anti-human MOG an-
tibody was purchased from Santa Cruz Biotechnology.
CHAPS, T20 and bovine serum albumin were purchased
from Sigma-Aldrich. Anti-CD74 antibody was purchased
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from Everest Biotech. UltraPure™ TRIS was purchased
from Invitrogen. Vector pET21d(+) was purchased from
Novagen. BL21 (DE3) was purchased from New England
Biolabs. IPTG was purchased from Inalco.

DRa1 constructs cloning, expression and purification

The DRl constructs purification has been reported
(Vandenbark et al. 2003). Briefly, a synthetic DNA fragment
containing a sequence encoding the human MOG-35-55 pep-
tide, a flexible linker and the MHC Class Il DR 1 domain from
amino acid residues 15 through 97 and a similar synthetic DNA
fragment containing the mutation L50Q in the DRx1 domain
were cloned into the high level expression vector pET21d(+)
(Novagen). These clones were transformed into E. coli strain
BL21 (DE3) (New England Biolabs), plated onto LB-agar
plates containing 50pug/ml of the antibiotic carbenicillin and
incubated overnight at 37 °C. The next day three individual
colonies from each clone were selected and grown in LB broth
supplemented with the antibiotic to test [IPTG-induced produc-
tion of the protein of interest. After confirmation, a 100 ml
overnight culture was prepared and used to inoculate a 4X1L
flask with LB supplemented with the antibiotic. Induction of
the target protein synthesis was performed with the addition at
the logarithmic growth point of IPTG to a final concentration of
2 mM. The cultures were incubated for an additional 4 h at
37 °C, harvested by centrifugation and the bacterial paste was
frozen at —80 °C until use. Pellets were resuspended in sonica-
tion buffer (50 mM Tris, 300 mM NaCl, 2 mM EDTA pH 8.0)
and sonicated to disrupt the cells and release the inclusion bod-
ies. The protein contained in these inclusion bodies were solu-
bilized in a 20 mM ethanolamine, 6 M urea, pH 10 buffer
overnight at 4 °C with gentle stirring. Purification was achieved
by passing the solubilized protein through an anion exchange
column and eluting the protein with a NaCl gradient in solubi-
lization buffer. Fractions were collected and analyzed by SDS-
PAGE. Those fractions containing the protein of interest were
pooled together, dialyzed against 20 mM Tris, pH 8.5, concen-
trated to 5 mg/ml and flash frozen and then stored at —80 °C in
1 ml aliquots until use.

Amino acid sequence alignment

All the different Class II «1 domain sequences of interest were
retrieved from the NCBI and aligned using BLAST Two or
More sequences from BLAST website (NIH) and then opti-
mized manually to show relevant regions.

Structural analysis of the proteins by circular
dichroism

Proteins were thawed and analyzed by SDS-PAGE (data not
shown) prior to testing for their secondary structures’ content
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by absorbance of far UV light (180-260 nm) using an AVIV
spectrometer. Proteins were greater than 95% pure. One hun-
dred microliters of each of the polypeptides were prepared in
20 mM Tris buffer pH 8.5 at 1 mg/ml concentration and
placed in a CD cuvette. Protein were scanned for absorbance
in the far UV spectrum from 180 nm to 260 nm through a
0.1 mm light pathlength taking measurements at 0.5 nm inter-
vals. A sample containing only 20 mM Tris buffer was also
scanned and the signal was subtracted from the protein read-
ings. At least 3 scans were averaged for each protein and
plotted as molar ellipticity.

Binding of DRa1 constructs to CD74 and competition
assays

These experiments were performed by ELISA using Maxisorp
plates (Nunc) as follows. Prior to the binding and competition
experiments the proteins were labeled with Alexa Fluor 488
(Invitrogen) or biotin (Pierce Biotechnology) that targets ly-
sine side chain primary amines. Unconjugated Alexa Fluor
488 or biotin were removed by size exclusion chromatogra-
phy using a Superdex 75 10/300 column (GE Healthcare). For
binding experiments, a recombinant human CD74 (thCD74)
construct was produced in our laboratory (data not shown) and
the design, production and purification has already been de-
scribed (Benedek et al. 2017). Plates were coated with
rhCD74 (C27S) in TBS at a concentration of 0.1 pg/ml for
2 h at RT or overnight at 4 °C. After blocking with 5% BSA in
TBS and 0.0125% Tween 20 (T20), DRx1-MOG constructs
prepared in blocking buffer with 0.0125% T20 were captured
for 3 h at room temperature followed by detection with
streptavidin conjugated to horseradish peroxidase (HRP).
Data were loaded onto Prism software and fitted to a one or
two binding site equation in order to determine relative affin-
ity. For competition experiments ELISA plates were coated
with MIF at room temperature at a concentration of 0.5 pg/ml
in TBS. Plates were then blocked overnight with 5% BSA in
TBS and 0.0125% T20 followed by the addition of a compet-
itive mix containing thCD74 with serially diluted DRe1 con-
structs prepared in 5% BSA/TBS plus 0.0125% T20 for 1.5 h
at 25 °C. Bound rhCD74 was detected with a monoclonal
antibody that specifically recognizes human CD74 in a region
away from the putative MIF/D-DT binding site. Absorbance
at 450 nm was determined and data were analyzed with Prism,
the parameters were calculated with the competition equation
included in the software. For competition between DRo1-
hMOG-35-55 and P2 peptide (see next section), mouse
CD74 was immunoprecipitated from DR*1501 Tg mouse
splenocytes and a competition experiment was set. 2.5 pul of
P2 peptide were used with increasing concentrations of
DRx1-hMOG-35-55 protein. Bound peptide was eluted from
the immunoprecipitation with 2% SDS and analyzed in a
16.5% PAG Tris/Tricine. The gel was scanned for FITC

and fluorescence was quantified by densitometry. P2 fluo-
rescence vs. DRal competitor was plotted and data ana-
lyzed with Prism. The relative density values were fit to a
One-binding site equation.

Mapping of the CD74-binding epitope
on DRa1-hMOG-35-55

In earlier publications, we described an Fab that is able to bind
the DRx1-MOG proteins and their parent molecule,
RTL1000, with high affinity (Meza-Romero et al. 2014).
However, its binding region on the DRx1 domain has not
yet been determined. In order to map the epitope for the G4
Fab, a series of 7 overlapping N-terminus-FITC labeled pep-
tides covering the full length of the DRl domain were syn-
thesized. These peptides were tested for their ability to bind
Inl-immunoprecipitated mouse CD74 from splenocytes and
immuno-adsorbed G4 to Protein L beads.

Immunoprecipitation and western blot experiments

After immuno-precipitation, individual peptides were ana-
lyzed in a binding experiment for 14—16 h in 0.1% CHAPS/
TEN buffer (50 mM Tris, 2 mM EDTA, 150 mM NaCl,
pH 7.4). Immune complexes were eluted with 50ul of 2%
SDS/ESB (electrophoresis sample buffer) for 20 min and then
analyzed by electrophoresis in a 10-20% SDS-PAGE under
non-reducing conditions. After electrophoresis, the gel was
scanned for FITC-labeled peptides. In a parallel experiment
we used immunoprecipitated mouse H2M to test the binding
of the peptide set. H2M molecules bind the Class II «1 do-
main but in different regions, therefore they should show a
different selectivity for the 1 domain synthetic peptides dur-
ing binding. We also tested the possibility of G4 and CD74
recognizing the same peptide set since we have found that G4
blocks binding of DR1 constructs to thCD74. In that regard,
we bound G4 Fab to Protein L beads and then we applied
either P2 or P7 peptides to the immune complexes. Bound
material was eluted as described above, analyzed by electro-
phoresis and the gel scanned for FITC-labeled material.
Western blot experiments were carried out using standard
techniques of protein transfer to PVDF (pore size 0.1 pum),
followed by blocking with 5% BSA in TBS and 0.05% T20.

ERK1/2 phosphorylation blockade

Two million splenocytes from EAE mice were treated
in vitro at 37 °C with 20 mM Tris pH 8.5, 25ug of
DRhQ or DRx1-hMOG-35-55 for 30 min. Cells were
then spun down and lysed with RIPA buffer supplemented
with protease and phosphate inhibitors. Cell lysis was
allowed to proceed for 30 min in ice and the debris con-
taining nuclei and organelles removed by centrifugation at
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14,000 rpm at 4 °C for 10 min. Supernatants were col-
lected and subjected to SDS-PAGE in 10-20% gradient
gels under reducing conditions. After electrophoresis, pro-
teins were transferred to PVD membrane and the mem-
brane was probed first for p-ERK1/2, stripped and then
probed with anti-total ERK1/2 antibody.

EAE induction and treatment

C57BL/6 WT male mice between § and 12wks of age were
purchased from the Jackson Laboratory. All procedures were
approved and performed according to federal, state, and insti-
tutional guidelines. Mice were immunized subcutaneously at
four sites on the flanks to distribute 0.2 ml of an emulsion of
200 pg mouse MOG-35-55 peptide and complete Freund’s
adjuvant containing 400 png of heat-killed Mycobacterium tu-
berculosis H37RA (Difco) (Meza-Romero et al. 2014). In ad-
dition, mice were injected intraperitoneally with Pertussis tox-
in (Ptx) from List Biological Laboratories on days 0 and 2
post-immunization (75 and 200 ng per mouse, respectively).
DRa1-hMOG-35-55, DRhQ, DRx1-mMOG-35-55 and
DRmQ proteins (100 pg in 0.1 ml) were injected s.c. daily
for 5 days beginning at an EAE score of >2.0 and the mice
were scored for clinical signs of EAE graded on a six-
point scale of combined hindlimb and forelimb paralysis
scores as described before (Meza-Romero et al. 2014).
Mean EAE scores and SDs for mouse groups were calcu-
lated for each day from day 8 through day 27 post-
immunization and summed for each mouse by numerical-
ly integrating the EAE score curve over the entire exper-
iment (CDI, represents total disease load).

Data analysis

Statistical analyses comparing EAE severity data and equation
fitting data for binding and competition results were computed
using a Prism software package (GraphPad).

Results
Protein production and characterization

The production of DRx1-hMOG-35-55, DRa1-mMOG-35-
55, DRhQ and DRmQ proteins were comparable, indicating
that the L50Q substitution did not affect the transcription and
the expression rate (data not shown). The protein yield was
consistently ~90 to 100 mg/l of LB broth. Fab G4 was used to
detect the purified proteins. In previous studies, it was shown
that Fab G4 detected the DRx1 domain in different contexts,
including as a stand-alone domain, as part of larger constructs
(like the ones described here) or as part of a two-domain
recombinant protein (like RTL1000).
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Amino acid sequences alignment

An analysis of the alignment of several human Class II «l1
domains revealed a unique characteristic of the DRl domain
not shared with other human or mouse class II (Fig. 1). This
unique feature shows a glutamine (Q) residue at position 18 in
most of the sequences used in the alignment (Q18, see arrow
in Fig. 1). The DRx1 domain, however, has a leucine (L) at
position 18. It is noteworthy that along with the other peptide-
presenting Class II domains, this Q18 residue is also con-
served among the non-antigen presenting proteins DMl
and DO«l. In all the analyzed Class II ol domain primary
sequences and the crystal structures deposited in the Protein
Data Blank (PDB), this region localizes in the loop between
{3-strand 1 and {3-strand 2 at the N-terminus of the polypeptide
pointing outwards of the bulk of the molecule.

Binding assays of RTL's from human and mouse origin

In order to explore the functional role of L18 vs. Q18, we first
ran binding assays in ELISA experiments using several pre-
viously constructed RTLs from mouse and human origin.
Figure 2a shows that those polypeptides which have Q18
[DP2, DP4, and mouse derived polypeptide RTL 551 (IAb)]
displayed greater binding activity to thCD74 in ELISA assays
than constructs using >L18. This observation prompted us to
produce these mutant polypeptides (sequences shown in
Fig. 2b) to investigate whether L18 vs. Q18 (position 50 in
the DRx1-MOG-35-55 constructs) might have different bind-
ing affinities for the CD74 receptor.

Evaluation of the DRa1-MOG-35-55 constructs using
Fab G4 characterization and circular dichroism

After purification, the constructs were first tested for structural
integrity. We used human Fab G4 (that recognizes the DRI
domain) as a tool to find out whether the L50Q substitution
affected the immunological recognition of the DRx1 con-
structs. The Fab G4 cross-reacted with the DRhQ mutant in
the same manner as it did with the DRx1-hMOG-35-55 as
well as the DRax1-mMOG-35-55 (Fig. 3a). In order to com-
pare the secondary structure content of the DRhQ and DRoc1-
MOG-35-55 proteins side by side we carried out far UV scan-
ning of the protein in a circular dichroism spectrometer.
(Figure 3b). We reported in previous studies that DR 1-
hMOG-35-55 contains a significant amount of alpha-helix
and beta sheet secondary structures (Meza-Romero et al.
2014). All the molecules showed a high positive absorbance
at 190 nm, the main feature indicative of an «-helix element,
and a negative absorbance at 215 nm indicating the presence
of (3-sheet secondary structure. Overall, these results show
that the three proteins are structurally similar suggesting that
the replacement of a Leucine (L) for a Glutamine (Q) in the f3-
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Flg. 1 Class II c?cl domam. 10 120 30 40 50 60
alignment showing a Q residue at
position 18 (indicated by an DM1 WPDDLONHTF LHTV-YCQDG SPSVGLSEAY DEDQLFFFDF SQONTRVPRLP EFADWAQEQG
arrow). The amino acid residue DOl AGATKADHMG SYGPAFYQSY GASGQFTHEF DEEQLFSVDL KKSEAVWRLP EFGDFARFDP
Q18 (nomenclature taken from DQ1 GEDIVADHVA SCGVNLYQFY GPSGQYTHEF DGDEQFYVDL ERKETAWRWP EFSKFGGEDP
the sequences reported in protein DQ2 GEDIVADHVA SYGVNFYQSH GPSGQYTHEF DGDEEFYVDL ETKETVWQLP MFSKFISEDP
data bank) is highly conserved DP4 RRVIKADHVS TYAA-FVQTH RPTGEFMFEF DEDEMFYVDL DKKETVWHLE EFGQAFSFEA
among the class II « chains, DP2 AGAIKADHVS TYAA-FVQTH RPTGEFMFEF DEDEMFYVDI DKKETVWHLE EFGQAFSFEA
except with DRocl. Here position DR1 SWAIKEEHVI IQA-EFYLNP DQSGEFMFDF DGDEIFHVDM AKKETVWRLE EFGRFASFEA
18 was changed from L to Q by IAk EDDIEADHVG SYGITVYQSP GDIGQYTFEF DGDELFYVDL DKKETVWMLP EFAQLRRFEP
site-directed mutagenesis IAd EDDIEADHVG FYGTTVYQSP GDIGQYTHEF DGDELFYVDL DKKKTVWRLP EFGQLILFEP
IAb EDDIEADHVG TYGTSVYQSP GDIGQYTFEF DGDELFYVDL DKKKTVWRLP EFGQLASFDP
IAf EDDIEADHVG FYGISVYQSP GDIGQYTFEF DGDEWFYVDL DKKETVWRLP EFGQLTSFDP
IAu EDDIEADHVG SYGIVVYQSP GDIGQYTFEF DGDELFYVDL DKKETIWMLP EFAQLRSFDP
IAq EDDIEADHVG SYGIVVYQSP GDIGQYTHEF DGDEWFYVDL DKKETVWMLP EFGQLTSFDP

sheet platform of the constructs alters only minimally the «-
helix content but does not alter the amount of (3-sheet structure
at the bottom of the molecule.

CD74-binding site on DRa1l maps to the N-terminus

Seven overlapping peptides spanning the whole length of
the DR« protein were designed (Fig. 4a). These peptides
contained a FITC moiety at the N-terminus of the amino
acid sequence in order to be detected by fluorescence scan-
ning. Of these, P1 had to be modified due to a solubility
issue of the full length peptide and a second peptide (P6)
could not be synthesized. These peptides were used, indi-
vidually and as a pool, to bind immuno-precipitated CD74
from mouse splenocytes. As a first approach a cocktail of
all peptides were added simultaneously to Protein A/G
beads containing Inl-immunoprecipitated CD74. As is
shown in Fig. 4b only 2 peptides, P2, and P5 to a minor
extent, bound to immunoprecipitated mouse CD74. To
confirm this we ran an experiment in which individual

a b

1.0

peptides were added to the Protein A/G-In1-CD74 com-
plexes under the same conditions. As shown in the same
Fig. 4b, only P2 and PS5 peptides bound clearly to mouse
CD74. P2 exhibited stronger binding, while P5 had lower
affinity. In order to test the usefulness of this strategy we
ran an experiment with immuno-precipitated H2M. We hy-
pothesized that a different peptide (or set of peptides)
would bind to H2M. As seen in Fig. 4c, an entirely differ-
ent set of the overlapping peptides bound to this protein,
validating the results of the previous experiment. This later
experiment showed that P7 peptide strongly bound
immunoprecipitated H2M and to a minor extent P4. This
result is consistent with the crystal structure of the DR/DM
complex published recently (Pos et al. 2012). The interface
of these two molecules is dominated by the alpha chains of
DM and DR. DM binds to a lateral surface of the DR«x1
domain away from the N-terminus of the DR« 1 region and
close to the peptide binding groove without contacting the
DRf1 domain. Overall, this approach validated the de-
signed strategy to investigate this paradigm.

!

DRa.1-hMOG-35-55
DRhQ
DRo.1-mMOG-35-55
DRmQ

1 MEVGWYRPPFSRVVHLY LV
1 MEVGWYRPPFSRVVHLY. LV
1 MEVGWYRPSFSRVVHLYRNGKGGGGSLV
1 MEVGWYRPSFSRVVHLYRNGKGGGGSLVPRGSGGGGIKEEHVIIQAEFYQNPDQSGEFM 59

IKEEHVIIQAEFYLNPDQSGEFM 59
IKEEHVIIQAEFYONPDQSGEFM 59
IKEEHVIIQAEFYLNPDQSGEFM 59

Absorbance at 450nm

Fig. 2 Binding of DRx1-hMOG-35-55, human MHC Class Il DR-derived
RTL302, human Class II DR-derived RTL312, human Class II-derived
DP2- and DP4-derived constructs to thCD74(C27S). In addition, we tested
the binding of a mouse MHC Class II-derived RTL551 to coated
rhCD74(C27S). Binding experiment was carried out using equimolar

concentration (250 nm) of each protein ligand (Fig. 2a). Alignment showing
the final amino acid sequence of the Q mutants compared to the WT versions
created in this work. In addition to the DRox1-hMOG-35-55 and the DRhQ
we synthesized the DRa1-mMOG-35-55 and DRmQ. The arrow indicates
the positions of the mutagenesis (Fig. 2b)
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Fig. 3 DRal-derived constructs a b
DRx1-hMOG-35-55, DR«1- 1.0 15
mMOG-35-55 and DRhQ were )
probed with the Fab G4 (Fig. 3a)
in order to evaluate 08l
immunological differences £ 10+
among them (the characterization 5
of the DRmQ is not shown). % 0.6} >
Circular dichroism was used to s c
evaluate differences in secondary e B8 9
structure content as described _5 04} ]
before (Fig. 3b) 2
g ol "
0.2}
Rt
0.0 L L L L -5 T T T
0.0001 0.001 0.01 0.1 1 10 180 200 220 240 260
DRa1MOG Concentration (ug/ml) Wavelength (nm)

- DRo1-mMOG-35-55
-@- DRa1-hMOG-35-55

-©- DRhQ

P2 binds the G4 Fab, binds to IP CD74 and competes
with DRa1-hMOG-35-55 to bind its CD74 receptor

In previous publications, we have shown that the G4 Fab was
effective to block DR« constructs binding to CD74 on the cell

Fig. 4 Strategy was designed to a

- DRa1-mMOG-35-55
DRo1-hMOG-35-55
— DRhQ

surface of mouse and human CD11b cells (Meza-Romero et al.
2014). Therefore, we aimed to find out whether P2 also
interacted with Protein L bound G4 Fab and compare the binding
to immunoprecipitated CD74. Potentially, the P7 would not bind
to G4 or CD74 in agreement with the previous experiment

locate the DRa1 binding site for
CD74. Overlapping peptides used
in this experiment to identify the
binding region to CD74 (Fig. 4a).
Mouse CD74 or mouse H2M
were immunoprecipitated with
specific monoclonal antibodies
adsorbed to Protein A/G beads
and then a pool of the overlapping
peptides or individual peptides
were added. Immune complexes
were washed extensively and
bound peptides were eluted with
electrophoresis sample buffer
containing 1% SDS. Eluted
material was analyzed by

MGIKEEEVIIQAEFYLNPDQSGEFMFDFDGDEIFHVDMAKKETVWRLEEFGRFASFEAQGALANIAVDKANLEIMTKRSNYTPITN
MGIKEEEVIIQAEFYLNPDQSGEFMFDFDG
QAEFYLNPDQSGEFMFDFDGDEIFHVDMAK P2

SGEFMFDFDGDEIFHVDMAKKETVWRLEEF P3

DEIFHVDMAKKETVWRLEEFGRFASFEAQG P4

Pl

KETVWRLEEFGRFASFEAQGALANIAVDKA  P5

GRFASFEAQGALANIAVDKANLEIMTKRSN P6

ANIAVDKANLEIMTKRSNYTPTIN P7

electrophoresis by SDS-peptide
gels in Tris-Tricine. Gels were

then scanned for the fluorophore b c
ina BioRad Molecular Imager FX al. P2 P3 P4 P5 P7 all P2 P3 P4 P5 P7
(Fig. 4b, ¢)
. s 5
S - -
CD74 H2M
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described in Fig. 4. As expected, only the P2 peptide was able to
bind G4, demonstrating that G4 and CD74 have the same bind-
ing site on DR« polypeptides (Fig. 5a). Figure 5b shows a
schematic view of the DRxl domain (colored in cyan) with
the P2 peptide location (colored in green). To confirm that the
P2 peptide was associated with the interface to bind CD74 we
ran an experiment to find out whether DRt 1-hMOG-35-55 and
P2 peptide compete with each other to bind mCD74. The results
showed that DRx1-hMOG-35-55 was able to outcompete the
binding of the FITC-labeled P2 peptide to immunoprecipitated
CD74 with a relative affinity (Kp) of 750 nM (Fig. 5c¢).

DRa1-MOG-35-55 and DRhQ binding to rhCD74
and ELISA competition assays

DRa1-MOGs, including DR 1-hMOG-35-55, DRhQ, DR« 1-
mMOG-35-55 and DRmQ were evaluated for binding to their
receptor. A recombinant human CD74(C27S) produced in our
laboratory was coated onto the ELISA plate and then, following
blocking, DRx1 constructs were captured for 1 to 1.5 h at RT
and detected with an anti-MOG antibody. The results were
entered into the Prism software and the K, was calculated after
fitting the curve to a One-site specific binding equation. As
shown in Fig. 6a and in Table 1 these results clearly indicate
that the replacement of leucine at position 50 of the DRl
constructs (or position 18 in the alignment, or 14 in the original
PDB sequences) for a glutamine residue clearly increased the
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Fig. 5 Two of the overlapping peptides were tested individually for their
ability to bind immunoprecipitated mouse CD74 or Fab G4 adsorbed to
Protein A/G beads and Protein L beads, respectively. Only P2 was able to
bind thCD74 and Fab G4. P7 was unable to bind to any of the targets
(Fig. 5a). Graphic representation of the P2 location in the DRx1 domain

binding capacity of the mutant proteins. We found that the
DRhQ mutant bound with 8 to 10-fold higher affinity to the
receptor when compared to the counterpart wild type version of
the constructs. (see Table 1 with Kp). This confirms that the
region containing the L50 is very likely a part of the binding site
of DR constructs to CD74 as suggested by the docking model
of the DR/CD74 interaction (Meza-Romero et al. 2016b;
Wingerchuk and Carter 2014) and the experiments with the
P2 peptide (see previous section). Competition assays were
consistent with the direct binding results (Fig. 6b). In the com-
petition experiments the DRhQ showed greater ability, 8 to 10-
fold, to outcompete MIF for its binding to CD74 than the
DRa1-hMOG-35-55 (DRhQ IC5,=0.28uM vs DRaxl1-
hMOG-35-55 IC5y = 1.6uM) arguing in favor of a more direct
role that this region contributes to the binding interaction. On
the other hand, DR 1-mMOG-35-55 and its derivative DRmQ
showed no significant differences between them and displayed
an intermediate competitive activity when compared to DRhQ.

EAE treatment

We then sought to test these polypeptides for their ability to
treat EAE mice. As shown in Fig. 7a, treatment of male
C57BL/6 mice with the DRhQ construct significantly reduced
the severity of ongoing EAE compared with the native L50
containing DR 1-hMOG-35-55 construct. In contrast, treat-
ment with the DRmQ, which did not differ in its ability to

C
Competitor concentration (um)
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2 5
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>
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c
[
[a]
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DRa1-hMOG 35-55 Concentration (uM)

structure. A schematic view of the DRl domain (colored in cyan) with
the P2 peptide location (colored in green) (Fig. 5b). Competition exper-
iment showed that DR 1-hMOG-35-55 was able to outcompete the bind-
ing of the FITC-labeled P2 peptide to immunoprecipitated CD74 with a
relative affinity (Kp) of 750 nM (Fig. 5¢)
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Fig. 6 Constructs DRa1-hMOG- a
35-55 and the DRhQ (Fig. 6a) 12

were assessed for direct binding
to thCD74 onto ELISA plates by
direct binding assay with or
without G4 Fab during the
binding. The K, calculated
polypeptides were 0.65uM for the
DRx1-hMOG-35-55 and 0.089
for the DRhQ. In a competitive
experiment DRhQ showed higher
activity against thMIF to bind
CD74 compared to the DRoc1-
hMOG 35-55 (Fig. 6b) and
Table 1

Absorbance at 450nm

1.2

09

0.6

Absorbance at 450nm

03

0.0 L L

0.0 0.5 1.0

DRa1hMOG 35-55 Concentration (uM)
-@ DRo1-hMOG-35-55

-l DRhQ

-©- DRa1-hMOG-35-55 + G4

8 DRhQ + G4

block MIF binding to CD74 (see above), did not differ in its
treatment effect on EAE compared with the L50 containing
DRa1-mMOG-35-55 construct (Fig. 7b).

DRhQ blocks ERK1/2 phosphorylation in mouse
splenocytes

Studies have shown that MIF is the main pro-inflammatory
cytokine driving the ERK1/2 phosphorylation through the in-
teraction with CD74/CD44 on the cell surface (Leng et al.
2003). We therefore determined the level of ERK1/2 phos-
phorylation in non-treated EAE mice. Splenocytes harvested
from EAE mice showed upregulated levels of p-ERK1/2 in-
dicating an ongoing active signaling cascade associated with
the inflammatory process. Upon treatment with the DRhQ
constructs in vitro the phosphorylation level was downregu-
lated after 30 min incubation at 37 °C. This strongly suggests
that treating splenocytes from an animal with an ongoing

: 00800000
15 2.0 0.001 001 01 1 10 100

DRa1-MOG Competitor Concentration (uM)

No Competitor
DRhQ
DRa1-hMOG-35-55
DRmQ
DRo.1-mMOG-35-55
No Coating

Castime

inflammatory reaction with the constructs resulted in down
regulation of ERK1/2 phosphorylation (Fig. 8).

Discussion

Our laboratory has been working on the design, development
and characterization of novel experimental drugs aimed at
treating MS subjects. RTL1000, a drug that has been used in
the treatment of EAE, and the second-generation DR« 1-
hMOG-35-55 construct derived from it, have shown promise
as novel therapeutic options to treat EAE and potentially MS
(Benedek et al. 2015; Meza-Romero et al. 2014). Previous
studies found that these constructs bind to the cell surface of
macrophages/monocytes with high specificity and in a satura-
ble pattern suggesting the presence of a receptor (Vandenbark
et al. 2013). The binding to the cell surface receptor was cor-
related with their ability to alleviate EAE symptoms in

Table 1 Calculated binding
affinities of DRx1-hMOG-35-55

and DRhQ for rhCD74(C27S) DRhQ
Kp 0.09109
95% CI 0.07146 to 0.1161
R square 0.999

Binding affinities (uM) for DRx1-hMOG-35-55 and DRhQ for CD74

DRx1-hMOG-35-55
0.7015

0.1304 to 1.774
0.996

Competition of DR1-MOG constructs vs MIF to bind CD74

DRhQ
1C50 0.2978
95% C1 0.1821 to 0.4870
R square 0.9691

DRx1-hMOG-35-55 DRmQ DRa1-mMOG-35-55
1.639 0.8279 0.9369

0.9047 to 2.968 0.4599 to 1.490 0.4783 to 1.835
0.9601 0.9658 0.9461
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Fig.7 C57BL/6 WT male mice a
between 8 and 12wks of age were
purchased from the Jackson
Laboratory and immunized as
described in Material and
Methods. DRx1-hMOG-35-55
and DRhQ (Fig. 7a) or DRa1-
mMOG-35-55 and DRmQ

(Fig. 7b) proteins (100 pg in

0.1 ml) was injected s.c. daily for
5 days beginning at an EAE score
of >2.0 and the mice were scored
for clinical signs of EAE. Mean
EAE scores and SDs for mouse
groups were calculated for each
day from day 8 through day 27

Clinical EAE Score

-@- Vehicle (n=8)

17 & DRa1-hMOG-35-55 (n=7)
—A- DRhQ (n=8)

45678 9101112131415

Days Post-Treatment

0123

Clinical EAE Score

-@- Vehicle (n=7)
- DRa1-mMOG-35-55 (n=7)
-~ DRmQ (n=16)

2 3 4 5 6 7
Days Post-Treatment

post-immunization and summed
for each mouse by numerically
integrating the EAE score curve *

over the entire experiment (CDI, *
represents total disease load)

CDI

experimental animals (Benedek et al. 2017). We found that
these two experimental drugs bound to the cell surface recep-
tor CD74 (Vandenbark et al. 2013) present in antigen present-
ing cells like macrophages, monocytes and B cells. The CD74

Treatment
Vehicle DRhQ
R
p-ERK1/2
| ——— e —— o —
T-ERK1/2
A EE———

Fig. 8 ERK1/2 phosphorylation assay. 2 million cells from EAE mice
were treated with vehicle, DRhQ or DRa1-hMOG-35-55 for 30 min and
then cells were lysed in the presence of protease and phosphatase
inhibitor. Supernatants were analyzed by electrophoresis and WB to eval-
uate P-ERK /2 and total ERK1/2. DRx1-hMOG-35-55 and DRhQ were
able to downregulate ERK1/2 phosphorylation in vitro

transmembrane protein has also been shown to be a receptor
for MIF and D-DT (Leng et al. 2003).

An alignment of the available human and mouse «1 domain
amino acid sequences showed a Q residue at position 18 (po-
sition 14 in the crystal structure numbering) in most of them.
The fact that this residue is present in human antigen-presenting
(DP and DQ alleles) and non-antigen presenting regulatory
(DM and DO) polypeptides, and in those from mice, argues
in favor of a relevant role in the biological activity of these
molecules. This Q residue is naturally substituted for a
Leucine in the DRx1 domain (see Fig. 1). Experimental evi-
dence suggests that this region could be a potential extra bind-
ing site for CD74 (Karp et al. 1992, 1990; Kim et al. 1994), in
addition to the CLIP sequence (Jasanoff et al. 1999). As a first
approach, we evaluated the binding properties of constructs
that are derived from these Class II alleles and compared them
to the binding parameters of DRx1 polypeptides. Surprisingly,
the results of this experiment indicated that the constructs na-
tively displaying the Q in the 1 domain indeed showed higher
affinity for CD74 in direct binding assays by ELISA (Fig. 2a).
Interestingly, in the crystal structures of several human and
mouse Class II molecules deposited in the Protein Data Bank,
the Q amino acid residue locates at the end of the (3-strand 1 in
the loop between the -strand 1 and the (3-strand 2 at the N-
terminus of the domain (Fig. 9a, b). In fact, this loop has been
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410p (green),

3lgz (blue),

1muj (pale green),
1u3h (light blue),
3qxd (gray),
5dmk (yellow)

Fig. 9 Ribbon-rendered structure model. Shows the position of relevant
amino acid residues in the DRhQ construct described in this work and that
were shown by the docking model to contact CD74. The Q is highlighted
with a stick-drawn side chain at position 14. The antigenic MOG peptide
is shown in white and the side chain for W3 in the MOG peptide is
displayed (Fig. 9a). Several &1 domains from molecules described in
Fig. 1 were recovered from the Protein Data Bank and their (3-strand 1-

implicated in the binding of the TSST-1 toxin to the al domain
of class II (Karp et al. 1990; Kim et al. 1994) and the associa-
tion between Class II and the invariant chain (Ii, CD74) pre-
vents binding of TSST to Class II (Karp et al. 1992) suggesting
a potential shared or overlapping epitope. Using a protein-
protein docking algorithm, our laboratory predicted the exis-
tence of an interface between CD74 and DRa1-hMOG-35-55
(Meza-Romero et al. 2016b; Wingerchuk and Carter 2014) and
defined the amino acid residues F48, L50, P52, D53 and S55 in
the construct (F12, L14, P16, D17 and S19, in Fig. 9a) as
important components of this interface. We therefore intro-
duced the Q mutation into the DRa1-hMOG-35-55 and the
DRa1-mMOG-35-55 to create the DRhQ and the DRmQ var-
iants, respectively. From the immunological and biophysical
standpoints, these novel mutants are indistinguishable from
their parent molecules. Both proteins show the same level
and quality of cross-reaction to the Fab G4, suggesting that
the epitope has not been structurally modified (Fig. 3a).
Likewise, both constructs show identical profiles by circular
dichroism spectrometry indicating that the secondary structure
has been preserved in the mutants” DRhQ (Fig. 3b) and DRmQ
(not shown). Earlier experimental studies suggested that in ad-
dition to DRx1-MOG-35-55 (Benedek et al. 2013), RTL1000
was also able to bind to and block MIF binding to CD74
(Benedek et al. 2017). By using a set of overlapping peptides
spanning the DRl domain amino acid sequence the major
binding site was narrowed down to the N-terminus of the
DRl domain (Fig. 4a, b) as predicted by the docking algo-
rithm (Meza-Romero et al. 2016a; b). All these amino acid
residues make up the core of the P2 peptide that was shown
to bind to immunoprecipitated mouse CD74 and to Fab G4

@ Springer

loop- {3-strand 2 regions aligned using PyMOL (Schrodinger, Portland
OR). Position 14 has been highlighted as sticks. The PDB entries are
shown in the inset (Fig. 9b). Note: the amino acid residues numbering
in the Fig. 1 differs from the numbering in the crystal structures: Q18 in
Fig. 1 corresponds to amino acid residue 14 in most of the crystal
structures and is located at the end of the 3-strand 1 of the domain

(Fig. 5a). In addition, DRx1-hMOG-35-55 outcompeted the
P2 peptide to bind to immunopurified mouse CD74 (Fig. 5c)
indicating that both ligands bind to the receptor in the same
region. A close inspection of crystal structures of several mouse
and human MHC Class Il molecules showed that these residues
are located in the loop between the 31 and (32 strands at the N-
terminus of the &1 domain. According to our docking model,
the residues within this loop make close contact with residues
on CD74 (Fig. 9a). We also tested this novel variant for its
binding to a recombinant version of human CD74 and its ac-
tivity to prevent or outcompete MIF from binding to their re-
ceptor. Our results indicate that the Q-harboring variant showed
a Kp 8-10-fold higher affinity for CD74 in direct binding
ELISA assays, in sharp contrast to the parent molecule, sug-
gesting that the Q at this position favorably influenced the
interaction (Fig. 6a, Table 1). Accordingly, DRhQ showed
more competitive activity versus MIF to bind the CD74 recep-
tor with an 8 to 10-fold higher ICs¢(see Fig. 6b, Table 1). It is
interesting to note that this higher affinity evaluated by direct
binding and by competition experiments was reflected in the
potency of the drug to treat EAE in experimental animals. As
shown in Fig. 7, these constructs were able to significantly
reduce the disease scores in mice compared to a lack of a
treatment effect with DRax1-hMOG-35-55 with this disease
severity. In previous work we have shown that with a lower
disease severity, DRoc1-hMOG-35-55 is able to stop disease
progression in C57BL/6 (unpublished) and DR1 Tg mice
(Vandenbark et al. 2003). Previous work has shown that MIF
engagement of the CD74 receptor and its co-receptor CD44 at
the cell surface initiates a signaling cascade leading to the phos-
phorylation of ERK1/2 and ultimately to the expression of
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inflammatory genes (Benedek et al. 2013; Leng et al. 2003).
Our experiments demonstrate that splenocytes harvested from
EAE mice showed upregulated levels of p-ERK1/2 indicating
an ongoing active signaling cascade associated with the inflam-
matory process and that this phosphorylation of ERK1/2 can be
down regulated by DRhQ treatment in vitro (Fig. 8).

In conclusion, we show that a substitution of Q for L at
position 18 in the first DRl loop region (position 14 in
Fig. 9a, b) alters its affinity for CD74 with an 8 to 10-fold
increase in binding capacity. We also show that this increase in
binding activity translates into a greater ability of DRhQ to
compete with MIF to bind its cognate receptor with the same 8
to 10-fold magnitude and that this renders the molecule capa-
ble of blocking MIF-induced signaling through pERK. This
increased binding capacity translates into a more effective
treatment of EAE in mice. These data suggest that binding
affinity for CD74 could serve as an in vitro indicator of bio-
logical potency of DRhQ and thus support its possible clinical
utility as an effective therapy for MS and perhaps other dis-
eases in which there is an inflammatory reaction driven by
MIF and D-DT.
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