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Abstract
Treatment with partial (p)MHC class II-β1α1 constructs (also referred to as recombinant T-cell
receptor ligands – RTL) linked to antigenic peptides can induce T-cell tolerance, inhibit
recruitment of inflammatory cells and reverse autoimmune diseases. Here we demonstrate a novel
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regulatory pathway that involves RTL binding to CD11b+ mononuclear cells through a receptor
comprised of MHC class II invariant chain (CD74), cell-surface histones and MHC class II itself
for treatment of experimental autoimmune encephalomyelitis (EAE). Binding of RTL constructs
with CD74 involved a previously unrecognized MHC class II-α1/CD74 interaction that inhibited
CD74 expression, blocked activity of its ligand, macrophage migration inhibitory factor, and
reduced EAE severity. These findings implicate binding of RTL constructs to CD74 as a key step
in both antigen-driven and bystander T-cell tolerance important in treatment of inflammatory
diseases.
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1. Introduction
Myelin-reactive CD4+ T-cells induce experimental autoimmune encephalomyelitis (EAE)
and likely contribute to central nervous system (CNS) inflammation, demyelination and
axonal damage in multiple sclerosis (MS) [1]. Activation of encephalitogenic T-cells
requires presentation of myelin peptides by four-domain MHC class II molecules on antigen
presenting cells (APC) in the presence of costimulatory molecules that are needed to prevent
induction of T-cell “anergy” [2]. To produce an inhibitory signal for pathogenic TCRs, we
created partial MHC class II β1α1 constructs (termed Recombinant T-cell receptor Ligands
– RTL) of relevant class II molecules (e.g. DR2 for MS) with covalently tethered myelin
peptides [3,4]. These constructs could interact directly with the cognate TCR in the absence
of co-stimulatory molecules [5], serving as partial TCR agonists and triggering suboptimal
downstream signaling [6,7], cytokine shifts and loss of encephalitogenic activity [8]. RTL
treatment of EAE has been established previously in two different strains of DR2-Tg mice,
including DR*1501-Tg mice (DRA:DRβ1*1501 strain that develops EAE only after
injection of mouse (m)MOG-35-55 peptide [9]) and DR*1502-Tg mice (IEb:DRβ1*1502
strain that develops EAE after injection of human (h) MOG-35-55 peptide [10]). DR*1501-
Tg mice could be treated effectively after disease onset with the cognate mMOG-35-55
peptide tethered to covalently linked β1α1 domains of HLA-DR2 (RTL342M) and
DR*1502-Tg mice, with the cognate hMOG-35-55 peptide tethered to the same DR2 β1α1
platform (RTL1000). The potent clinical efficacy of RTLs in mice with EAE led to a
successful Phase I trial in multiple sclerosis (MS) using the RTL1000 (pDR2/hMOG-35-55)
construct [11,12].

Recent in vitro studies demonstrated that RTLs were bound rapidly by myeloid cells and B-
cells [13], thus accounting for rapid partitioning from plasma to the cellular compartment
(half-life < 10 min) after injection into mice with EAE and subjects with MS [11], and RTL
binding to mouse APCs in vitro was found to inhibit T-cell activation and transfer of EAE
[13]. Taken together, these findings indicated the presence of a cell-associated RTL receptor
which initiates peptide-dependent T-cell tolerance involving cell–cell interactions beyond
simple ligation of the TCR by soluble RTLs. Our recent detection of immunologically cross-
reactive “natural” forms of partial MHC molecules in serum/plasma of both MS and healthy
subjects [14] suggests a novel regulatory role for RTL receptors in maintaining homeostasis
and inducing T-cell tolerance.

Here we demonstrate binding of RTLs to a molecular complex comprised of CD74, surface
histones and MHC class II itself that is expressed predominantly on CD11b+ monocytes and
that is required for RTL342M (pDR2/mMOG-35-55) treatment of EAE. RTL constructs
with or without tethered antigenic peptide rapidly down-regulated CD74 in a dose-
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dependent hierarchical manner, and blocked signaling of the inflammatory cytokine,
macrophage migration inhibitory factor (MIF), for which CD74 serves as the primary
receptor. Furthermore, a significant structure activity relationship (SAR) was established
between RTL-modulated CD74 levels on CD11b+ CNS cells and clinical severity of EAE.
These results demonstrate that RTL constructs trigger both peptide-dependent and peptide-
independent regulatory pathways that contribute to T-cell tolerance and EAE treatment
effects.

2. Materials and methods
2.1. Mice

DR*1501-Tg, DR*1501/GFP-Tg and MBP-TCR/DR2-Tg mice were bred in-house at the
Veterinary Medical Unit, Portland Veterans Affairs Medical Center and used at 8e12 weeks
of age. All procedures were approved and performed according to institutional guidelines.

2.2. Induction of EAE in DR2-Tg and MBP-TCR/DR2-Tg mice
HLA-DR2 mice were screened by FACS for the expression of the HLA transgenes [5].
HLA-DR2 positive male and female mice between 8 and 12 weeks of age were immunized
s.c. at four sites on the flanks with 0.2 ml of an emulsion of 200 μg immunogenic peptide
and complete Freund’s adjuvant containing 400 μg of heat-killed Mycobacterium
tuberculosis H37RA (Difco, Detroit, MI) [4,15]. In addition, mice were given pertussis toxin
(Ptx) from List Biological Laboratories (Campbell, CA) on days 0 and 2 post-immunization
(75 ng and 200 ng per mouse, respectively). Immunized mice were assessed daily for
clinical signs of EAE on a 6 point scale of combined hind limb and forelimb paralysis
scores. For hind limb scores: 0 = normal; 0.5 = limp tail or mild hind limb weakness (i.e., a
mouse cannot resist inversion after a 90° turn of the base of the tail); 1 = limp tail and mild
hind limb weakness; 2 = limp tail and moderate hind limb weakness (i.e., an inability of the
mouse to rapidly right itself after inversion); 3 = limp tail and moderately severe hind limb
weakness (i.e., inability of the mouse to right itself after inversion and clear tilting of hind
quarters to either side while walking); 4 = limp tail and severe hind limb weakness (hind feet
can move but drag more frequently than face forward); 5 = limp tail and paraplegia (no
movement of hind limbs). Front limb paralysis scores are either 0.5 for clear restriction in
normal movement or 1 for complete forelimb paralysis. The combined score is the sum of
the hind limb score and the forelimb score. Rarely, there is mortality of HLA-DR2 mice
with severe EAE and in these cases, mice are scored as a 6 for the remainder of the
experiment. Mean EAE scores and standard deviations for mice grouped according to
initiation of RTL or vehicle treatment were calculated for each day and summed for the
entire experiment (Cumulative Disease Index, CDI, represents total disease load). Daily
mean scores were analyzed by a two-tailed Mann Whitney U test for nonparametric
comparisons between vehicle and pDR2 treatment groups. Mean CDIs were analyzed by a
one way ANOVA with Tukey post-test, and a nonparametric one way Kruskal–Wallis
ANOVA with Dunn’s multiple comparisons post-test to confirm significance between all
groups.

2.3. RTL (pMHC) treatment of EAE in DR2-Tg and MBP-TCR/DR2-Tg mice
RTL (pDR2) constructs were injected s.c. daily for 5 days at indicated doses to treat EAE
induced in DR*1501-Tg and MBP-TCR/DR2-Tg mice and clinical signs were scored as
described above. For neutralization experiments, DR*1501-Tg mice were treated s.c. with
vehicle (20 mM Tris–HCl pH 8.0 with 5% w/v D-glucose), 20 μg RTL342M (DR2/
mMOG-35–55), 20 μg RTL342M pre-incubated at a 1:1 (40 μg) or 1:2 (80 μg) molar ratio
with Fab1B11 (specific for two-domain DR2 constructs) or FabD2 (specific for pDR4/
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GAD-555-567 constructs) or Fab1B11 alone in vehicle using a protocol described
previously [14].

2.4. Flow cytometry
Analysis of naïve DR2 PBMC subtypes was performed using four-color (fluorescein
isothiocyanate, phycoerythrin, propidium iodide, allophycocyanin) flow cytometry. Blood
was collected from naïve DR2-Tg mice through cardiac exsanguination into 1XPBS/EDTA.
After washing blood in 1XPBS, the red blood cells were lysed with 1× RBC lysis buffer
(eBioscience, Inc., San Diego, CA) followed by two washes in RPMI. One million cells
were incubated in RPMI with 1 μg unlabeled RTL342M (pDR2/mMOG-35-55) or
RTL342H (pDR2/hMOG-35-55) or 1 μg RTL-FITC for 1 h at 37 °C. RTL342M incubation
was followed directly by a 30 min incubation at 4 °C with anti-CD3 PE (eBioscience, Inc.,
San Diego, CA), CD74 PE (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), or CD11b PE,
CD11b APC, CD11c APC, and CD19 APC (BD Pharmingen, San Diego, CA). Antibodies
and RTLs were thoroughly removed by two additional washes in 1× PBS/0.5% BSA
staining medium. Cells were resuspended in staining media containing propidium iodide and
immediately analyzed with a FACs Caliber using FCS Express (Los Angeles, CA) software.
Data represent 100,000 gated live monocytes and lymphocytes (in vivo analyses) or 10,000
gated live monocytes (in vitro analyses). For samples assessing Fab neutralization of
RTL342M binding and downregulation of CD74, 1 μg RTL was incubated at a 1:1 molar
ratio (2 μg) of Fab1B11 or FabD2 for 2 h at room temperature prior to incubation with cells.
Upregulation of CD11b staining intensity was evident in all samples that were incubated in
vitro for 1 h or more, including both controls not incubated with RTL and those that were
incubated with RTL-FITC conjugates. In contrast, samples evaluated directly from blood of
RTL-injected mice did not show upregulation of CD11b staining intensity. We assume that
the changes observed after in vitro incubation of CD11b+ cells reflect an activation event
triggered by the isolation and/or incubation conditions that were independent of RTL
binding.

2.5. Microscopy and live imaging of RTL (pDR2) binding
Two million CD11b+ cells were negatively isolated from DR*1501/GFP-Tg mice by Mouse
Monocyte Enrichment Kit and treated with 10 μg/ml RTL342M (pDR2/mMOG-35-55)
tagged with Alexa-546 or 50 μg/ml unlabeled RTL342M. The images were acquired on a
high resolution wide-field Core DV system (Applied Precision™) utilizing an Olympus
IX71 inverted microscope with a proprietary XYZ stage enclosed in a controlled
environment chamber: differential interference contrast (DIC) transmitted light and a solid
state module for fluorescence. A Nikon Coolsnap ES2 HQ was used to acquire images as
optical axis with a 60× (numerical aperture, 1.42) Plan Apo N objective in 2 colors, FITC
and TRITC. The pixel size was 0.10704 microns. The images were deconvolved with the
appropriate OTF (optical transfer function) using an iterative algorithm of 10 iterations.
Histograms were optimized for the most positive image and applied to all the other images
for consistency before saving the images as 24 bit merged TIFF. Data were visualized and
analyzed using Imaris (Bitplane), and MATLABA (Mathworks).

2.6. Biotinylation of cell surface proteins and cell lysis
Splenocytes from DR*1501-Tg or Class II-KO mice were collected in RPMI and kept in ice
before being used in experiments. Cells were washed extensively with cold PBS at pH 8.0
and biotinylated with EZ-Link Sulfo-NHS-LC-Biotin (Pierce Biotechnology, Cat No.
21335) in ice for 15 min to prevent over-labeling. The reaction was quenched by diluting the
biotinylated cell suspension 5× with TEN (50 mM Tris, 2 mM EDTA, 150 mM NaCl) buffer
at pH 7.4. Subsequent washes were carried out with TEN buffer to remove the biotinylation
reagent and the pellet was kept frozen until lysis. Cell pellets were thawed in ice and lysis
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was performed in TEN buffer containing 1% Triton X-100 (TEN-TX100) or 1% CHAPS
(TEN-CHAPS) for 30–60 min in the presence of protease inhibitors (Halt Protease Inhibitor
Cocktail, Pierce Biotechnology) in addition to 1 μM PMSF (Sigma). After lysis, samples
were cleared by centrifugation at 14,000 rpm for 15 min at 4 °C and the supernatant was
collected for further analysis.

2.7. Direct and competitive binding assays on whole cells
In order to determine whether a potential saturable, specific binding site(s) was present on
the cell surface of splenocytes, two million cells from DR*1501-Tg mice were incubated
with increasing concentrations (up to 400 nM) of AlexaFluor488-labeled RTL1000 in RPMI
for 1 h in ice (to minimize internalization through phagocytic mechanisms) and then cells
were lysed in 100 μl 6 M urea to dissociate and solubilize bound labeled ligand for
subsequent analysis. The lysate was centrifuged to remove insoluble material (nuclei,
organelles), the supernatant separated by SDS electrophoresis in a 10–20% PAGE and the
gel scanned for AlexaFluor488 to visualize labeled RTL. Band intensity was quantified by
densitometry using the Quantity One Software (Biorad) and plotted vs. the labeled RTL1000
concentration. Data were analyzed using Prism Software and fit to 1- or 2-binding site
mathematical models. Competitive binding was carried out using 2 million splenocytes and
a constant concentration of AlexaFluor488-labeled RTL1000 (280 nM) in the presence of
increasing concentrations of unlabeled RTL constructs (0–8 μM). Afterwards, cells were
washed, lysed and analyzed in a similar way as described above for saturation assays in
whole cells. Results are presented as EC50, the concentration of the competitor required to
compete for half of the specific binding.

2.8. Immunoprecipitation and direct and competitive binding assays for CD74 and MHC
class II molecules

For immunoprecipitation experiments, antibody TU39 (BD Pharmingen) was pre-bound to
bead-conjugated Protein A for 2 h in ice-cold TEN-TX100 or TEN-CHAPS followed by
RTL binding to these complexes. Lysate (previously pre-cleared with bead-conjugated
Protein A) was added to the tube and binding was carried out overnight at 4 °C with soft
orbital shaking. Samples were extensively washed with TEN buffer and the appropriate
detergent. For CD74 immunoprecipitation, ln-1 mAb was adsorbed to bead-conjugated
Protein L as described above and pre-cleared lysate was added to this mixture. When
necessary, bound material was eluted by boiling the immune complexes in electrophoresis
sample buffer and analyzed by SDS-PAGE and Western blot.

For direct binding of RTL constructs, Protein-L/ln-1/CD74 complexes were prepared as
described above. For these experiments, labeled ligand constructs were incubated for 4 h at
4 °C in 1% CHAPS in TEN buffer and free ligand was removed by extensive washing.
Elution of bound proteins was carried out as described before and analyzed by SDS-PAGE.
Likewise, competition experiments were carried out using a 2:1 molar ratio of labeled
RTL1000 (pDR2/hMOG-35-55) to “cold” competitor in a 500 μl reaction volume at 4 °C for
3–4 h in TEN-CHAPS buffer. A competition experiment between RTL1000 and DR-α1
domain for the binding to CD74 was done by using 0.160 nmol (4 μg) of labeled RTL1000
and increasing concentrations (0, 0.032, 0.096, 0.320, and 0.960 nmol) of the DR-α1 domain
in a total reaction volume of 0.5 ml. Under these conditions the final concentration of
RTL1000 was 320 nM. In all assays involving fluorescent labeling, the chromophore was
detected by scanning at the appropriate wavelength using a Molecular Imager FX (Bio-Rad)
and the fluorescence intensity was determined using Quantity One (Bio-Rad), the software
associated with the equipment.
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In order to test ligand binding to the separate components of the RTL receptor, DR*1501-Tg
splenocytes were biotinylated and lysed as described above and CD74 was
immunoprecipitated overnight at 4 °C with ln-1 monoclonal antibody. Immune complexes
(Protein L-beads/ln-1/CD74) were analyzed for their ability to bind FITC-labeled RTL
constructs by performing a direct binding saturation with increasing concentrations of the
different constructs (0–10 nM). Binding was carried out for 4 h at 4 °C with gentle shaking
and in the presence of 1% CHAPS in TEN buffer. Afterwards, the complexes were washed
thoroughly with 1% CHAPS/TEN and once with only TEN buffer to remove excess
detergent. Bound proteins were eluted in 2% SDS electrophoresis sample buffer at 90 °C for
6–8 min and beads were sedimented. After the supernatant was collected and proteins
separated using 10–20% SDS-PAGE, the gel was scanned for FITC chromophore and
quantified by densitometry. Ligand concentration was plotted vs. the fluorescence intensity
of the bands and the curve generated was fit to one or two binding sites with the Prism
Software. Likewise, MHC class II from DR*1501-Tg mice was purified with L243
monoclonal antibody conjugated to Protein-L/beads using the CD74-depleted lysate. Under
these conditions a homogeneous preparation of MHC class II from DR*1501-Tg mice was
isolated. Direct binding of MHC class II to saturating concentrations of the RTL constructs
was carried out and analyzed as described above.

2.9. Electrophoresis, Western blotting and LC/MS/MS
After elution from immunoprecipitates, proteins were separated using 10–20% SDS-PAGE
and visualized by Coomassie Blue staining, or they were blotted to PVDF and detected with
streptavidinconjugated PE. Relevant proteins detected by PE staining were localized in a
replica gel stained with Coomassie Blue, the gel bands were cut, digested with trypsin and
characterized by LC-MS/MS.

2.10. RTL342M (pDR2/mMOG-35-55) inhibition of MIF-enhanced expression of ICAM-1
Splenocytes were isolated from DR*1501 Tg mice and cultured in the presence or absence
of 10 μg/ml RTL342M (pDR2/mMOG-35-55) in complete RPMI medium 1640 with 2%
heat inactivated FCS at 37 °C in 5% CO2 for 1 h. Cells were stimulated with 10 ng/ml LPS
(Escherichia coli, serotype 055:B5, Sigma–Aldrich) and 100 ng/ml recombinant MIF (R&D
systems, Minneapolis, MN, USA) for 1 h before harvesting. Total RNA was isolated from
splenocytes using an RNeasy cultured cell kit according to the manufacturer’s instructions,
which included a DNase step. (Qiagen, Valencia, CA, USA). Quantitative real time PCR
was performed using the ABI7000 sequence detection system with gene-on-demand assay
products (Applied Biosystems) for ICAM-1 (Assay ID: Mm00516023_m1). GADPH
housekeeping gene was amplified as an endogenous control. Primers were used according to
manufacturer’s instructions.

3. Results
3.1. RTLs (pDR2/MOG-35-55) bind predominantly to CD11b+ monocytes

Although our previous studies indicated that pMHC constructs could bind to monocytes, B-
cells, DC and platelets, only RTL-armed monocytes inhibited T-cell activation and transfer
of EAE [13]. To determine if these in vitro binding experiments reflected RTL binding in
vivo, naïve DR*1501-Tg mice were injected i.v. with RTL342M (pDR2/mMOG-35-55)-
FITC or RTL1000 (pDR2/hMOG-35-55)-FITC, and viable PBMC subtypes were evaluated
for RTL binding in the monocyte gate (Fig. 1a). The major RTL-binding cell population
detected ex vivo indeed was CD11b+ monocytes, with only modest binding by B-cells, T-
cells and DC (Fig. 1b). Only minimal RTL binding of these respective PBMC
subpopulations was detected in the lymphocyte gate (Supplemental Fig. 1a). This pattern of
cell binding by both RTL342M and RTL1000 was validated in vitro after 1 h incubation
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with PBMC from DR*1501-Tg mice (Fig. 1c and Supplemental Fig. 1b), thus demonstrating
equivalency of these two closely related pMHC constructs that differ only by a single amino
acid residue in the tethered MOG peptide (S42 vs. P42, respectively). Direct binding of
labeled RTL342M (pDR2/mMOG-35-55) to GFP+CD11b+ monocytes, visualized by color
enhanced fluorescence microscopy (Fig. 1d and Supplemental Movie), demonstrated cell
surface as well as likely-internalized complexes of RTL, strongly suggesting binding to RTL
receptors.

Supplementary video related to this article can be found at http://dx.doi.org/10.1016/j.jaut.
2012.08.004.

3.2. Binding of RTL1000 (pDR2/hMOG-35-55) to DR2+ splenocytes involves two binding
sites with different relative affinities

To characterize the pMHC receptor on DR2+ splenocytes, a saturation binding curve was
established using 2 million spleen cells incubated for 1 h on ice (to inhibit phagocytosis and
low affinity non-specific binding) with increasing concentrations of Alexa-488-labeled
RTL1000 (pDR2/hMOG-35-55), followed by extensive washing. Cells with captured
RTL1000 were centrifuged and the cell pellet solubilized in 6 M urea, with protein
components separated by SDS-PAGE and fluorescence intensity of extracted Alexa-488-
labeled RTL1000 quantified after gel electrophoresis. As is shown in Fig. 2a, the saturation
data best fit a hyperbolic two-site binding curve (R2 = 0.998), with the first binding site for
RTL1000 showing high affinity binding and rapid saturation with a KD of 2.65 nM and the
second binding site showing lower affinity binding for RTL1000 with a KD of 131 nM.

Competition experiments were then performed in which mixtures of Alexa488-labeled
RTL1000 in combination with increasing concentrations of unlabeled RTL1000 were
incubated with spleen cells. Similar to the saturation experiments described above, the
competition experiments demonstrated a two-site binding pattern for DR*1501-Tg
splenocytes (Fig. 2b). The lower affinity Site 2 had an EC50 of 11 nM, indicating that a
relatively low concentration of unlabeled RTL was needed to displace labeled RTL1000
(Fig. 2d). In contrast, the higher affinity Site 2 had an EC50 of 4000 nM, indicating that a
much higher (>350-fold) concentration of unlabeled RTL was needed to displace labeled
RTL1000 (Fig. 2d). Taken together, these data clearly demonstrate the presence of two
independent RTL receptors or a receptor complex on DR*1501-Tg splenocytes that involves
at least two distinct binding affinities.

3.3. Different receptor affinities for the β1α1 vs. peptide moieties
Additional competition studies were performed using Alexa-488-labeled RTL1000 (pDR2/
hMOG-35-55) mixed with increasing concentrations of other RTL constructs to evaluate the
binding of both the MHC class II β1α1 and peptide moieties of pDR2/peptide. Although
RTL1000 (pDR2/hMOG-35-55), RTL342M (pDR2/mMOG-35-55) and RTL340 (pDR2/
MBP-85-99) all could compete for both Site 1 and Site 2 (Fig. 2b & 2d), “empty”
RTL302-5D (pDR2/no peptide) could compete with RTL1000 only for the lower affinity
Site 2. These data clearly indicate that the lower affinity binding site for RTL interacts with
the β1α1 moiety even in the absence of a covalently-tethered peptide, whereas the higher
affinity binding site required presence of the covalently-tethered antigenic peptide moiety.

3.4. MHC class II is required for the high affinity binding site for RTL1000
To evaluate the contribution of MHC class II to RTL binding, competition studies were
performed using splenocytes from MHC class II deficient mice. As is shown in Fig. 2c & d,
only a single low affinity binding site was present on MHC class II-KO splenocytes. These
results implicated cell surface expressed MHC class II itself as the high affinity binding site
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for RTL, likely involving interaction of the tethered antigenic peptide with the MHC class II
binding cleft.

3.5. Identity of RTL binding components on the surface of DR*1501-Tg splenocytes
To identify RTL-binding proteins, TU39 monoclonal antibody alone or TU39-bound
RTL1000 conjugated to Protein A was incubated overnight with biotinylated whole
splenocytes in 1% CHAPS buffer. Bound membrane proteins were eluted and analyzed by
electrophoresis and Western blotting after visualization with streptavidin-PE (to detect
biotinylated membrane proteins) in the absence or additional presence of anti-DR mAb
(HK14) to detect RTL1000. This analysis revealed at least four distinct bands in addition to
RTL1000 that were either enriched (15 kD and 18 kD) or could not be detected unless
RTL1000 was present (31 kD and 72 kD) (Fig. 2e). Elution of parallel bands from an
unstained sample and sequencing by LC-MS/MS (Supplementary Fig. 2) identified the
major RTL-binding proteins as H4 histone (14 kD), H2A, H2B and H3 histones (18 kD),
CD74 (31 kD) and MHC class II (72 kD). The 72 kD class II sequence was from the
H-2Eα2 domain that was derived from the expressed DR2-transgene [16] and not from the
RTL1000 construct. Further evaluations using plasmon surface resonance measurements
confirmed low affinity binding interaction between RTL1000 and the histone complex
(Supplemental Fig. 3).

3.6. RTL DR-α1 domain binds to CD74 but not to MHC class II
The potential binding of RTL constructs to CD74 has important immunoregulatory
implications for antigen presentation, autoimmune diseases and cancer [17,18]. To confirm
involvement of CD74 as a major component of the RTL receptor, CD74 was
immunoprecipitated from biotinylated DR*1501-Tg splenocyte membrane preparations
using Protein-L-conjugated anti-CD74 ln-1 mAb and visualized with streptavidin-PE (Fig.
3a). The ln-1 mAb-immunoprecipitated CD74 pulled down p72 and p130 proteins in
addition to p31 and p41, and did not co-precipitate full-length MHC class II molecules (Fig.
3a). Moreover, after incubating FITC-labeled RTL with bead-immunopurified CD74, both
RTL1000 (pDR2/hMOG-35-55) and RTL342M (pDR2/mMOG-35-55) were bound
abundantly by CD74 (Fig. 3b), whereas RTL340 (pDR2/MBP-85-99) and “empty”
RTL302-5D were detected at much lower levels under the same conditions. The moiety of
RTL that binds CD74 was further determined to be the DR-α1 but not the DR2-β1 domain,
as shown by direct binding experiments (Fig. 3b) and competitive binding studies
(Supplemental Fig. 4a) that established a single binding site on CD74 for the DR-α1 domain
of RTL1000 (Supplemental Fig. 4b).

Further direct binding of increasing concentrations of FITC-labeled RTL constructs to
immunopurified CD74 (Fig. 3c) confirmed CD74 binding of RTL1000, RTL342M and DR-
α1 (but not other RTL constructs) and established that binding was dose-dependent,
saturable and involved a single binding site in the low nM range (2.9–4.5 nM, Supplemental
Fig. 5). In contrast, binding of FITC-labeled RTL constructs to four-domain MHC class II
molecules (Fig. 3d) in the same membrane preparation (after CD74-depletion) established
binding of RTL1000 and RTL342M, but not DR-α1 or other pDR2 constructs, that was
dose-dependent, saturable and that also involved a single binding site in the low nM range
(1.1–2.0 nM, Supplemental Fig. 5).

These data strongly support the presence of a single relatively high affinity binding site on
CD74 for a determinant in the DR-α1 moiety of the RTL molecule and a separate, slightly
higher affinity binding site on 4-domain class II for an RTL determinant not present on the
DR-α1 domain that could possibly include the covalently-tethered peptide itself or a
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conformational epitope on the DR2-β1α1 moiety that requires the presence of a
covalentlytethered antigenic peptide.

3.7. Reduced CD74 expression after RTL binding to monocytes
Because of the known involvement of CD74 and CLIP (Class II-associated invariant chain
peptide) in MHC class II peptide loading and tolerance induction, we characterized the
effects of RTL treatment on CD74 expression in CD11b+ monocytes. Ex vivo studies
demonstrated that expression of CD74 on CD11b+ monocytes was increased during EAE
(Fig. 4a). Moreover, treatment of EAE mice with RTL342M (pDR2/mMOG-35-55) at onset
of clinical signs produced a significant down-regulation of CD74 cell-surface expression
within 48 h on CD11b+ cells evaluated from blood, spleen and spinal cords (Fig. 4b & c),
but did not alter MHC class II cell surface expression (blood: 13% vs. 11%, p = NS; spleen:
22% vs. 20%, p = NS; RTL342M treated vs. vehicle treated, respectively) that
predominantly is not associated with CD74 on the monocyte cell surface [19,20]. The
downregulation of CD74 expression was not due to the blocking of the anti-CD74 Ab
binding site by RTL, since CD74 could be immunoprecipitated from biotinylated DR*1501-
Tg splenocyte membrane preparations that were preincubated with RTL342M or DR-α1,
using Protein-L-conjugated anti-CD74 ln-1 mAb (Supplemental Fig. 7).

3.8. CD74 expression correlates inversely with RTL binding to monocytes
To explore the relationship between binding of RTL and expression of CD74, CD11b+

monocytes were incubated with increasing concentrations of RTL constructs for 1 h at 37 °C
and then evaluated by FACS for RTL capture and cell-surface expression of CD74, as
shown for RTL1000 (Fig. 4d). Results from five different constructs (Fig. 4e) demonstrated
decreased cell-surface expression of CD74 as a function of increasing RTL binding, a
relationship that was shown to be highly significant when data points for all constructs were
combined (p < 0.001, Fig. 4e lower right panel).

3.9. Fab blockade of RTL342M downregulation of CD74 on monocytes neutralizes RTL
treatment effects on EAE

To determine if RTL342M downregulation of CD74 on monocytes was necessary for
treatment of EAE, Fab1B11 selected for binding to 2-domain DR2 molecules and a control,
FabD2, reactive to a DR4/GAD-555-567 RTL construct [14] were evaluated for their
respective abilities to block RTL-induced downregulation of CD74 expression and thus
neutralize RTL treatment effects. Incubation of RTL342M (pDR2/mMOG-35-55) with
Fab1B11 but not FabD2 at a 1:1 or 1:2 molar ratio for 2 h resulted in a significant (~60%)
blockade of RTL342M-induced downregulation of CD74 expression on CD11b+ monocytes
in vitro (p < 0.01, Fig. 5a) and comparable (~60%) neutralization of the protective activity
of RTL342M in vivo after 3 daily s.c. injections into mice with EAE (p < 0.0001, Fig. 5b).
In a related study, 5 daily injections of free mMOG-35-55 peptide at an equimolar
concentration as RTL342M (10 μg vs. 100 μg, respectively) did not produce significant
inhibition of EAE compared to RTL342M (Supplemental Fig. 6), thus confirming that the
inhibitory activity was not mediated by the MOG peptide and that the neutralizing effect of
Fab1B11 was directed against the DR2-β1α1 moiety rather than mMOG-35-55. These
combined selective effects of Fab1B11 vs. FabD2 demonstrate that RTL binding and
downregulation of CD74 is necessary for its therapeutic activity on EAE.

3.10. RTL binding inhibits MIF-induced signaling and increases random migration of
CD11b+ monocytes

To establish if RTL binding directly inhibited MIF-induced signaling, naïve splenocytes
were incubated with RTL342M (pDR2/mMOG-35-55) for 1 h prior to stimulation with MIF
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and LPS [21] and then evaluated for expression of ICAM-1 [22]. As is shown in Fig. 6a,
RTL342M significantly reduced MIF-enhanced induction of ICAM-1 message to LPS
background levels, demonstrating complete inhibition of the MIF-dependent effects but no
further effect on LPS-dependent activation.

Binding of MIF to CD74 is known to inhibit random migration of macrophages [23]. To
determine if reduced CD74 cell-surface expression mediated by RTL342M binding altered
the migration pattern of monocytes, movement of GFP+CD11b+ cells isolated from naïve
DR*1501/GFP-Tg mice was tracked for 2 h in vitro with or without added RTL342M using
live imaging microscopy. As is shown in Fig. 6b–d significant increases were observed in
measured speed (p < 0.0005, Fig. 6b), mean square displacement (p < 0.0005, Fig. 6c) and
random migration path (Fig. 6d and Supplemental Movie) in the presence of RTL342M.
These data demonstrate that reduced cell surface expression of CD74 induced by RTL is
associated with reduced expression of ICAM-1 and increased random migration of CD11b+

monocytes, consistent with the blockade of MIF effects.

3.11. RTL constructs can inhibit EAE in an antigenic peptide-independent manner
The data presented above demonstrated remarkable differences in the ability of various RTL
constructs to modulate cell surface expression levels of CD74, (RTL342M ~ RTL1000 >>
RTL340 > DR-α1 ~ RTL302-5D), suggesting a hierarchy of clinical efficacy mediated
through CD74 modulation. This would predict that RTL constructs with the best binding and
CD74-modulating properties at standard treatment concentrations (100 μg RTL daily × 5)
might have inhibitory effects on EAE when tethered to mismatched, noncognate peptides or
even without bound peptides, in a manner commensurate to their respective effects on CD74
expression. Thus, RTL constructs with tethered hMOG-35-55 or mMOG-35-55 were
compared with RTL340 (DR2/MBP-85-99), RTL302-5D (pDR2/no peptide) or vehicle
alone for treatment of EAE induced with MBP-85-99 peptide/CFA/Ptx in MBP-TCR/DR2-
Tg mice. As is shown in Fig. 7a, both RTL1000 (DR2/hMOG-35-55) and RTL342M (DR2/
mMOG-35-55 – more potent modulation of CD74 but bearing noncognate peptides)
provided a treatment effect on EAE comparable to that of RTL340 (DR2/MBP-85-99
bearing the cognate peptide but with less potent modulation of CD74), thus satisfying the
prediction. In contrast, “empty” RTL302-5D (DR2/no peptide) was still ineffective at
treating EAE using the standard treatment paradigm as expected (no bound peptide and
weak modulating effects on CD74 expression).

To explore further the possible peptide-independent inhibitory effects of RTL constructs on
EAE, a 10-fold-higher dose of RTL302-5D (DR2/no peptide given at 1 mg × 2 or 5 days),
which showed significant binding and modulation of CD74 (Fig. 4e), was tested for
therapeutic activity in DR*1501-Tg mice with mMOG-35-55-induced EAE compared to the
standard dose and treatment regimen (100 μg × 5) of “empty” RTL302-5D, RTL342M and
vehicle. As shown in Fig. 7b, treatment of EAE with the 1 mg dose of “empty” RTL302-5D
indeed resulted in significant reduction of daily and cumulative EAE scores compared to
treatment with vehicle or 100 μg RTL302-5D. Moreover, treatment with the standard dose
of RTL342M (pDR2/mMOG-35-55) daily for 2 or 5 days resulted in even more potent
inhibition of EAE than 1 mg RTL302-5D. These results demonstrate conclusively an
antigenic peptide-independent treatment effect of the “empty” RTL302-5D construct on
EAE that is potentiated by inclusion of the cognate peptide within the RTL342M construct.

3.12. Structure–activity relationship (SAR) of RTL modulation of CD74 and EAE severity
To more formally establish an SAR between RTL modulation of CD74 and EAE severity,
CD74 levels were assessed on CNS-derived CD11b+ cells from naïve DR*1501-Tg mice
(background levels of CD74 with no clinical EAE) and mMOG-35-55 immunized
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DR*1501-Tg mice treated with RTL342M (DR2/mMOG-35-55, 100 μg daily × 2), “empty”
RTL302-5D (1 mg × 2) or vehicle (maximal disease-induced levels of CD74 with no
treatment effect) 15 days after induction of EAE. As is shown in Fig. 7c, there was a
significant relationship (p = 0.035) between CD74 levels on CD11b+ cells and the average
CDI for the different groups of mice, thus providing strong support for the SAR. To further
demonstrate the relationship between the binding and downregulation of CD74 and
reduction of EAE severity by RTL constructs, CD11b+ monocytes were incubated with the
DR2-β1 construct, which does not bind CD74 (Fig. 3b), for 1 h at 37 °C and then evaluated
by FACS for cell-surface expression of CD74. The DR2-β1 construct did not downregulate
CD74 levels on CD11b+ monocytes and as expected, did not treat EAE (Supplemental Fig.
8).

4. Discussion
Peptide-loaded, APC-associated MHC class II molecules confer specificity for TCR-
mediated activation of CD4+ T-cells. However, little is known about MHC class II catabolic
pathways and biological activities of MHC class II fragments. We here demonstrate that
binding of RTL constructs to a previously unrecognized receptor on CD11b+ monocytes
downregulates expression of CD74 and directly inhibits MIF activity. These initial events
not only mediate potent peptide-independent inhibition of MIF signaling, but also trigger
downstream inhibition of peptide-dependent T-cell activation, resulting in reduced
infiltration of inflammatory cells into the CNS and reversal of EAE [24–26]. Cell binding of
RTL constructs involved both relatively high and low affinity interactions with the surface
receptor that was required for EAE treatment. Further analysis revealed a minimum of three
RTL receptor components, including CD74, MHC class II and assembled cell surface
histone nucleosomes [27–29] that bound RTL with low affinity.

The major new finding of this study is the dose-dependent binding and down-regulation of
cell-surface CD74 on monocytes by a hierarchy of RTL constructs, the most active being
RTL1000 (DR2/hMOG-35-55) and RTL342M (DR2/mMOG-35-55) that possess potent
activity for treating MOG-35-55 peptide-induced EAE. In contrast, RTL340 (DR2/
MBP-85-99) was much less efficient at binding and down regulating CD74 under standard
conditions, but retained the ability to effectively treat EAE in MBP-TCR/DR2-Tg mice,
likely through an MBP peptide-specific T-cell tolerance mechanism. Thus, the RTL342M
(DR2/mMOG-35-55) and RTL340 (DR2/MBP-85-99) constructs have comparable
therapeutic activity when treating EAE induced with their cognate encephalitogenic
peptides. However, RTL constructs containing MOG-35-55 peptides differ from RTL340
containing MBP-85-99 in their remarkable ability to treat EAE induced by non-cognate
encephalitogenic peptides. That is, whereas RTL340 could not treat mice with MOG
peptide-induced EAE, both RTL342M and RTL1000 constructs could fully treat mice with
MBP peptide-induced EAE.

These treatment effects on EAE of different RTL constructs were directly related to their
ability to down-regulate CD74. Indeed, 10-fold higher doses of the “empty” RTL302-5D
that also possessed the ability to down-regulate CD74 produced a significant peptide-
independent treatment effect on mMOG-35-55 induced EAE. Moreover, incubation with
Fab1B11 specific for two-domain DR2-RTL constructs neutralized RTL-induced
downregulation of CD74 and EAE treatment effects. Subsequent comparisons established a
significant structure–activity relationship (SAR) between CD74 levels on CNS-derived
CD11b+ cells and EAE severity which clearly established RTL342M as the most effective
construct and predicted dose-dependent therapeutic activity of other constructs
commensurate with their ability to modulate CD74 levels. The SAR is further supported by
the lack of an EAE treatment effect of the DR2-β1 construct, which does not bind to CD74
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or downregulate its expression levels. Such previously unrecognized binding interactions
between RTL and CD74 constitute a novel form of “bystander” suppression that may act
alone or in tandem with peptide-dependent induction of T-cell tolerance shown previously
using various mouse and human RTL constructs. The potent antigen-independent inhibition
of CD74 levels by DR2/MOG-35-55 RTL constructs not only provides a cogent explanation
for the successful treatment of experimental stroke [30], in which the specificities of the
infiltrating inflammatory T-cells have not yet been established, but also establishes
RTL1000 (DR2/hMOG-35-55) as the optimal construct to treat MS that certainly involves
multiple encephalitogenic T-cell specificities. It is important to note that our preliminary
data demonstrate strong RTL1000 binding to human monocytes and down-regulation of
CD74 expression that occurs in an essentially identical manner as observed for mouse
monocytes (Benedek et al. manuscript in preparation).

Binding interactions of RTL with MHC class II and CD74 are likely to be highly interactive
due to the essential role of CD74 (invariant chain = Ii) in chaperoning newly synthesized
MHC class II through the endocytic pathway to the cell surface of APC [31]. CD74 is a type
II transmembrane glycoprotein containing a trimerization domain flanked by two highly
unstructured regions [32]. Earlier models suggested that the homotrimeric structure could
bind up to three αβ MHC class II heterodimers to form a nonameric complex, Ii3(αβ)3
[33,34]. More recent models propose a pentameric complex, with the Ii homotrimer
chaperoning a single MHC class II heterodimer from the ER [35]. While the structure of
MHC class II bound to CD74 has not yet been solved, interactions between CD74 and the
αβ MHC class II heterodimer have been mapped to at least three discrete extracellular
locations and the transmembrane domains [36–39].

Our studies demonstrated direct single-site, relatively high affinity competitive binding of
DR2/MOG-35-55 RTL constructs and the DR-α1 domain to CD74. In contrast, we found
single-site, relatively higher affinity binding of DR2/MOG-35-55 RTL constructs but not
DR-α1 to MHC class II, possibly implicating the covalently tethered MOG-35-55 peptide
itself or a peptide-dependent conformation of the DR2-β1α1 moiety as the MHC class II
binding determinant. Such binding of tethered MOG-35-55 peptide to cell-associated 4-
domain class II potentially could allow the “empty” cleft of the β1α1 moiety to bind the
remaining CLIP-region peptides in the CD74 trimer. Future studies will identify the DR-α1
residues that interact with CD74 and determine if the CLIP region of CD74 binds directly to
the β1α1 peptide-binding groove. These possible molecular interactions within the pMHC
receptor complex are predicted by our two-site binding data, and are further supported by
the requirement of MHC class II for optimal RTL binding to CD74.

Our results strongly suggest that the affinity of the tethered peptide for the DR2 RTL β1α1
binding groove likely influences the interaction of the construct with CD74, with the higher
affinity peptides (e.g. MOG-35-55) facilitating CD74 binding by RTLs better than the lower
affinity peptides (e.g. MBP-85-99). β1α1 constructs that do not have a tethered peptide also
have decreased binding affinity for CD74, suggesting that the tethered peptide, presumably
in the binding groove, stabilizes the CD74 interaction. Alternatively, the tethered higher
affinity peptides may have similar or relatively stronger affinity for the binding groove of
cell-associated 4-domain class II (data in Fig. 2c support loss of the higher affinity
interaction in class II knockout mice) than for the 2-domain constructs, thus producing
conformational changes in the two-domain structures that could facilitate binding to CD74.

Down-regulation of CD74 by RTL constructs has important regulatory implications. CD74
in combination with CD44, CXCR2 & CXCR4 [40,41] is the receptor for MIF [42,43] that
inhibits random migration of monocytes [23] and promotes severity and progression of EAE
[44,45]. Modulation of MIF is known to inhibit downstream effects on VCAM-dependent
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homing of encephalitogenic T-cells to the CNS [45], expression of ICAM-1 and VLA-4
[46,47] and formation of the immunological synapse between T-cells and APC [48,49],
which in turn could affect peptide-dependent T-cell proliferation and cytokine release
[13,25]. Moreover, RTL down-regulation of CD74 may result in internalization and re-
expression of MHC class II/CLIP, which may promote T-cell tolerance as a null agonist
[50]. Our study demonstrates that down-regulation of CD74 cell surface expression on
monocytes after RTL342M binding results in direct inhibition of MIF-induced enhancement
of ICAM-1 expression and increased random migration. These findings suggest that the
SAR between CD74 expression and EAE severity involves decreased expression of ICAM-1
and increased random migration of monocytes, which could affect both their chemotaxis to
the CNS and their interaction with pathogenic T cells.

5. Conclusions
In summary, we have implicated binding and down-regulation of CD74 on monocytes as an
essential early event in RTL treatment of EAE that involves regulation of both peptide-
specific and bystander T-cells. RTL342M treatment of EAE resulted in reduced levels of
CD74 on CNS-derived CD11b+ cells both at early (48 h) and later (15 days) time points,
suggesting assessment of CD74 levels as an ex vivo biomarker for disease activity as well as
efficacy of RTL constructs. This novel regulatory pathway may also be triggered by natural
partial MHC structures detected in human serum and plasma that could represent a dominant
homeostatic mechanism for terminating inflammatory responses, maintaining T-cell
tolerance and preventing autoimmune diseases.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Binding of RTL constructs to PBMC (monocyte gate). Binding of RTL342M and RTL1000
to PBMC was analyzed on cell subtypes within the monocyte gate a) determined by
excluding PI-positive (dead) cells and including only cells from the monocyte region as
defined by forward and side scatter. b) Blood was collected ex vivo from naïve DR*1501-Tg
mice 15 min after i.v. injection of 500 μg RTL342M (pDR2/mMOG-35-55)-FITC or
RTL1000 (pDR2/hMOG-35-55)-FITC or c) labeled RTL342M and RTL1000 were
incubated in vitro for 1hr at 37 °C with PBMC collected from naïve DR*1501-Tg mice.
PBMC were counterstained for 30 min with fluorescent-labeled mAb specific for monocytes
(CD11b), B-cells (CD19), dendritic cells (CD11c) and T-cells (CD3) prior to FACS
evaluation. d) Isolated GFP+CD11b+ (color enhanced teal) cells from DR*1501/GFP-Tg
mice were treated with 10 μg/ml RTL342M labeled with Alexa-546 (color enhanced yellow)
for 40 min and evaluated by fluorescence microscopy. Data are representative of three
independent experiments.
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Fig. 2.
RTL1000 binding to splenocytes from DR*1501-Tg and MHC class II deficient mice. a)
Naïve spleen cells (2 × 106) were incubated for 1 h on ice with increasing concentrations of
AlexaFluor488-labeled RTL1000 (pDR2/hMOG-35-55). Instead of using RIPA buffer
(which causes serious technical issues with whole cell solubilization), cells were lysed in 6
M urea to dissociate membrane-bound RTL for better analysis. After solubilization, samples
were spun down to remove debris and proteins were separated by SDS electrophoresis in a
10–20%-PAGE and bands were quantified by densitometry by scanning the gel for
Alexa488 fluorophore. The RTL1000 concentration (X-axis) was plotted against the
fluorescence intensity (Y-axis). The data fit only the 2-binding site model, with an R2 of
0.998, with relative affinities (KD) of 2.65 nM and 131.0 nM, respectively. Competitive
binding was evaluated for the RTL receptor on whole cells from DR*1501-Tg mice b) or
MHC class II-KO splenocytes c), and the relative affinities (EC50) calculated for each
competitor d). A two-site binding pattern was observed for all RTL constructs except
“empty” RTL302-5D (DR2/no peptide) on splenocytes from DR*1501-Tg mice, and only a
one-site binding pattern was observed for all constructs on splenocytes from MHC class II-
KO mice. e) Immunoprecipitation of pDR2 binding proteins. To isolate membrane RTL1000
binding proteins, splenocytes from DR*1501-Tg mice were lysed with a CHAPS-containing
buffer and TU39/RTL1000 complexes bound to Protein A beads were added to the lysate.
Immune complexes were washed to remove unbound material and bound proteins were
eluted by boiling in reducing electrophoresis sample buffer for 8–10 min. After elution,
bound proteins were separated by SDS-PAGE and analyzed by Western blot, probed first
with streptavidin-PE (left) and then with a Quantum-red anti-DR2 antibody, HK14 (right)
and scanned to visualize the relevant chromophores. Arrows indicate protein bands that were
bound by RTL1000 and RTL1000 itself.
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Fig. 3.
Binding of RTL constructs to immunopurified membrane CD74 and MHC class II. a) The
lysate from membrane-biotinylated splenocytes from DR*1501-Tg mice was mixed with
ln-1 bound to Protein L beads overnight at 4 °C. Immune complexes were washed 3 times
with 1% CHAPS in TEN buffer (50 mM TRIS, 2 mM EDTA and 150 mM NaCl, pH 7.4)
and once with TEN buffer to remove free material. Bound proteins were eluted by boiling
the immune complexes in electrophoresis sample buffer for 8e10 min followed by
centrifugation. Samples were analyzed by SDS-PAGE followed by Western blot and
proteins were visualized using streptavidin-conjugated PE. The membrane was scanned in a
Molecular Imager FX (BioRad) for PE fluorescence. M: molecular weight markers;
DR*1501-Tg Lys: total lysate; CD74 IP: immunoprecipitated CD74. b) To evaluate binding
of other RTL constructs, CD74 protein complexes were immunoprecipitated from biotin-
labeled DR*1501-Tg splenocytes using ln-1 adsorbed onto Protein L/beads and incubated
overnight with 250 nmols of FITC-labeled RTL, FITC-DR-α1 or FITC-DR2-β1 domains.
Beads were washed 3 times and bound fluorescent RTL components were eluted as
described above and analyzed by SDS-electrophoresis in a 10–20% PAGE. Gels were
directly scanned for FITC chromophore as mentioned for panel a) and band intensity was
determined by densitometry in a Molecular Imager FX (BioRad) with the Quantity One
Software. c) FITC-labeled-RTL1000 (DR2/hMOG-35-55), RTL342M (DR2/
mMOG-35-55), RTL340 (DR2/MBP-85-99) and the DR-α1 domain binding to ln-1
immunoprecipitated CD74 or d) L243-immunoprecipitated MHC class II was analyzed as a
function of their concentration. Band intensity was determined by densitometry as described
above. To isolate MHC class II, lysates were first depleted of CD74 with ln-1 bound to
Protein L/beads overnight at 4 °C and the supernatant was subjected to a second round of
immunoprecipitation with anti-human class II L243 monoclonal antibody adsorbed to
Protein L/beads. Data from densitometry were plotted as ligand concentration vs.
fluorescence intensity and analyzed using the Prism Software for one- or two-site binding
with R2 > 0.95 for all bound RTL. Binding constants (KD) of RTL constructs to CD74 and
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MHC class II assessed in this experiment are presented in Supplementary Fig. 5. All FITC-
labeled bands were detected in a Bio-Rad Imager FX scanner followed by quantification by
densitometry using Quantity One Software. Data were normalized and plotted vs. the RTL
concentration and the curve was fit to one-site or two-site competition models and binding
constants determined using the Prism Software. The best fit was found with the one-site
competition equation.
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Fig. 4.
Dose-dependent downregulation of CD74 in vivo and in vitro by RTL constructs. a)
Representative histogram and average mean fluorescence intensity (insert) of CD74
expression in blood monocytes from naïve (n = 4) and mMOG-35-55 immunized mice with
EAE (n = 4)(**p < 0.01). CD74 expression in b) blood and spleen, and c) pooled spinal
cords from DR*1501-Tg mice with EAE, 48 h after treatment with RTL342M (pDR2/
mMOG-35-55) (100 μg) or vehicle (*p < 0.05). Mean EAE scores for mouse groups (n = 4)
48 h after treatment with vehicle or pDR2/mMOG-35-55 were 2.2 ± 0.5 vs. 1.6 ± 0.3,
respectively (p < 0.05). d) Dot plots of RTL1000 (pDR2/hMOG-35-55)-FITC binding and
CD74 expression of CD11b+ monocytes. e) Dose-dependent binding of indicated RTL
constructs (1 μg, 5 μg and 10 μg) in vitro with PBMC collected from naïve DR*1501-Tg
mice. CD11b+ monocytes were evaluated for RTL binding and CD74 expression by FACS.
Bottom right panel: linear regression analysis of all constructs showing strong inverse
correlation.
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Fig. 5.
RTL-specific Fab blocks RTL342M-induced downregulation of CD74 expression on
monocytes and neutralizes therapeutic activity in EAE. a) Fab1B11 specific for two-domain
RTL342M (DR2/mMOG-35-55) but not FabD2 specific for a different RTL (DR4/
GAD555-567) blocks binding to and expression of CD74 on CD11b+ cells in vitro within
the monocyte gate defined in Fig. 1a above in PBMC collected from naïve DR*1501-Tg
mice. To neutralize RTL342M binding, 1 μg RTL was incubated at a 1:1 molar ratio (2 μg)
of Fab1B11 or FabD2 for 2 h at room temperature prior to incubation with cells. Figure
(left) shows mean fluorescent intensity (MFI) of CD74 after pre-incubation of RTL342M
with Fab1B11 or control FabD2 or with no RTL or Fab1B11 alone. *p < 0.05; **p < 0.005;
***p < 0.0005. b) DR*1501-Tg mice with EAE were treated s.c. daily for 3 days at onset of
clinical EAE with vehicle, 20 μg RTL342M alone, 20 μg RTL342M incubated for 2 h at a
1:1 (40 μg) or 1:2 molar ratio (80 μg) with Fab1B11 or 20 μg control FabD2 prior to
injection or with 40 μg Fab1B11 alone. Top left: Daily mean clinical EAE disease scores. *p
< 0.05, RTL342M + Fab1B11 vs. RTL342M + FabD2; #p < 0.0005, RTL342M vs. vehicle,
RTL342M + Fab1B11 and Fab1B11 alone; RTL342M vs. RTL342M + FabD2 = ns. Top
right: Statistical comparisons of cumulative disease indices (CDI): *p < 0.05; ***p <
0.0001. Bottom: Group EAE summary table. Daily mean scores were analyzed by Mann
Whitney U and mean CDI by one way ANOVA with Tukey post-test, and nonparametric
one way Kruskal–Wallis ANOVA with Dunn’s multiple comparisons post-test.

Vandenbark et al. Page 22

J Autoimmun. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
RTL binding to monocytes blocks MIF signaling and induces random migration. a)
Splenocytes were isolated from 3 naïve DR*1501-Tg mice and treated with 10 μg/ml
RTL342M (pDR2/mMOG-35-55) or buffer for 1 h, followed by 10 ng/ml LPS stimulation
with or without 100 ng/ml MIF for 1 h and mRNA isolated. Relative expression of ICAM-1
was measured by real-time PCR (*p < 0.05). b–d) Isolated GFP+CD11b+ cells from
DR*1501/GFP-Tg mice were treated with 50 μg/ml RTL342M for 2 h. Ten time-lapse fields
(5 untreated and 5 RTL342M treated fields) were imaged by live fluorescence microscopy.
b) Mean cell speed (micrometers per second) (***p < 0.0005). c) Mean track displacement
length (square micrometers) (***p < 0.0005) of 10 fields. d) Tracks of individual cells (9–11
cells in each field) from four representative fields. Differences analyzed by Student’s T-test.
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Fig. 7.
Potent downregulation of CD74 by RTL constructs enables bystander treatment of EAE. a)
MBP-TCR/DR2-Tg mice with EAE were treated at disease onset with vehicle, RTL342M
(DR2/mMOG-35-55), RTL1000 (DR2/hMOG-35-55), RTL340 (DR2/MBP-85-55) or
“empty” RTL302-5D (DR2/no peptide). Mean clinical EAE daily disease scores (top left),
cumulative disease index (top right), and group statistics summary table (bottom) are shown
for each immunization group following 5 daily treatments. *p < 0.02, RTL342M vs. vehicle;
***p < 0.002, RTL340 and RTL1000 vs. vehicle (left panel). ***p < 0.0001 and **p <
0.0014 vs. vehicle (right panel). b) DR*1501 mice with EAE were untreated or treated at
onset with vehicle (×2 or 5 daily treatments), RTL340 (100 μg × 5), RTL342M (100 μg × 2
or 5), “empty” RTL302-5D (100 μg × 5) and (1 μg × 2 or 5). Treatment data from vehicle
vs. Untreated groups and groups receiving 2 vs. 5 daily treatments were not significantly
different from each other and were combined. *p < 0.05, RTL302-5D (1 mg) vs. (100 μg);
#p < 0.03, RTL302-5D (1 mg) vs. RTL342M (100 μg); ***p < 0.0005, RTL302-5D (1 mg)
and RTL1000 (100 μg) vs. vehicle and RTL340 (left panel). #p < 0.0001, RTL302-5D (1
mg) vs. vehicle and RTL340; ***p < 0.0001, RTL342M (100 μg) vs. vehicle and RTL340
and RTL302-5D (100 μg); **p < 0.004; *p < 0.05 (right panel). Daily mean scores were
analyzed by Mann Whitney U and mean CDI by one way ANOVA with Tukey post-test,
and nonparametric one way Kruskal–Wallis ANOVA with Dunn’s multiple comparisons
post-test.
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