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Abstract

Multiple sclerosis (MS) is a neurodegenerative disease that is estimated to affect over 2.3 million
people worldwide. The exact cause for this disease is unknown but involves immune system attack
and destruction of the myelin protein surrounding the neurons in the central nervous system. One
promising class of compounds that selectively prevent the activation of immune cells involved in
the pathway leading to myelin destruction are Bifunctional Peptide Inhibitors (BPIs). Treatment
with BPIs reduces neurodegenerative symptoms in Experimental Autoimmune Encephalomyelitis
(EAE), a mouse model of MS. In this work, as an effort to further improve the bioactivity of BPIs,
BPI peptides were conjugated to the N- and C-termini of the fragment crystallizable (Fc) region of
the human 1gG1 antibody. Initially, the two peptides were conjugated to IlgG1 Fc using
recombinant DNA technology. However, expression in yeast resulted in low yields and one of the
peptides being heavily proteolyzed. To circumvent this problem, the poorly expressed peptide was
instead produced by solid phase peptide synthesis and conjugated enzymatically using a sortase-
mediated ligation. The sortase-mediated method showed near-complete conjugation yield as
observed by SDS-PAGE and mass spectrometry in small-scale reactions. This method was scaled
up to obtain sufficient quantities for testing the BPI-Fc fusion in mice induced with EAE.
Compared to the PBS-treated control, mice treated with the BPI-Fc fusion showed significantly
reduced disease symptoms, did not experience weight loss, and showed reduced demyelination.
These results demonstrate that the BPI peptides were highly active at suppressing EAE when
conjugated to the large Fc scaffold in this manner.
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SUPPORTING INFORMATION

Cloning procedures for pPICzaA-PLP-Fc-LABL and pPICzaA-MOG-Fc. Expression procedures for PLP-Fc-LABL (spinner flask,
fermentor, and spinner flask with media change), MOG-Fc, and LABL-Fc-ST (spinner flask). Characterization of PLP-Fc-LABL
(spinner flask, fermentor, and spinner flask with media change), MOG-Fc, LABL-Fc-ST (spinner flask), LABL-Fc-ST-PLP
purification, PLP peptide, MOG peptide, and Sortase A.
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EAE Clinical Score in SJLL Mice aher
Disease Induction and Treatment
P

INTRODUCTION

Multiple sclerosis (MS) is an autoimmune disease of the central nervous system.! The
disease affects approximately 2.3 million people worldwide.2 Those affected experience a
wide variety of neurological disabilities including impairments in mobility3, cognition?, and
psychological health®. These neurological disabilities result from the loss of myelin, the
lipoprotein sheath coating the axons of the central nervous system. Demyelination can be
observed in the brain scans of MS patients as brain lesions.® The etiology of MS is still
unknown but suspected reasons include genetic, environmental, geographical, viral, and
lifestyle factors.”~10 The disease is extremely complex and heterogeneous, with involvement
by both the humoral and cellular immune responses.}1-13 The disease involves the activation
of autoreactive T-cells against myelin proteins that infiltrate the brain to damage the myelin
sheath of the neuronal axons.14-16 The myelin proteins that are recognized by the
autoreactive T-cells include proteolipid protein (PLP), myelin oligodendrocyte protein
(MOG), and myelin basic protein (MBP). Currently, there is no cure for MS, and the
currently available treatments such as beta interferons, glatiramer acetate, fingolimod,
teriflunomide, dimethyl fumarate, and monoclonal antibodies are geared toward reducing
symptom severity and frequency of attack.1’.18: 19 Some of the current treatments suppress
general immune responses, which can increase pathogenic infections in treated patients.
Therefore, there is a need to develop MS treatments that selectively suppress autoreactive T-
cells against the myelin proteins.

Bifunctional Peptide Inhibitors (BPIs) are a promising new class of peptide conjugates that
are designed to selectively inhibit the maturation of T-cells specific for myelin protein.20
BPIs are composed of a myelin-specific antigenic peptide tethered to a signal-2-blocking
peptide derived from lymphocyte function-associated antigen-1 (LFA-1), a protein found on
T-cells that binds to intercellular adhesion molecule-1 (ICAM-1) (Table 1). For example, a
myelin antigenic peptide (e.g., PLP139 15121726 or MOG3g_502°) linked to a LABL
(CD11ay37_246) peptide,21-23. 25 derived from the 1-domain of LFA-1, through a short linker
is a BPI. It is hypothesized that BPIs suppress autoreactive T-cells by blocking the formation
of the immunological synapse (IS) at the interface of a T-cell and antigen presenting cell
(APC) because the mechanism of activating T-cells is initiated by the formation of the IS
(Figure 1).20:27.28 The |S is formed by at least two signals in which the first signal
(signal-1) is generated via the interactions between the complex of antigen-major
histocompatibility complex class Il (Ag-MHC-II) and a T-cell receptor (TCR). The second
signal (signal-2) can be generated by ICAM-1/LFA-1 interactions. Initially, signal-2 is
formed in the center of the interface between an APC and a T-cell while signal-1 is formed
at the periphery of the interface to form a bullseye-like arrangement. Then, the signal-1
molecules translocate to cluster at the center while the signal-2 molecules migrate to
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peripheral region of the bullseye to form an IS. The IS formation initiates the activation of a
naive T-cell into a proinflammatory T-cell (Figure 1). This proinflammatory T-cell promotes
antigen-specific immune system attack on myelin, causing its inflammation and
breakdown.®> BPI molecules are hypothesized to bind simultaneously to MHC-I1 and
ICAM-1 on the surface of an APC and inhibit the formation of the IS. As a result, BPIs alter
the commitment of naive T-cells from an inflammatory phenotype to regulatory or
suppressor phenotypes, and this suppresses autoimmune diseases in an antigen-specific
manner. While antigenic peptides and signal-2 blocker peptides have been shown to have
some ability to reduce T-cell activation on their own, Kobayashi ef a/ have demonstrated
that linking the two types of peptides to form BPIs results in significantly lower clinical
scores in an EAE model.2! However, one potential problem with BPIs is the short /i vivo
half-lives of a few hours (2-3 hours) as measured in rat plasm; therefore, there is a need to
investigate methods to lengthen the in vivo half-lives of these types of molecules.?? Table 1.
Peptide sequences that were used in the preparation of BPI Fc fusions. The active regions of
the sequences are shown in bold. ICAM-1 Binding Peptide CD11ay37_046 (LABL) is a
signal-2-blocking peptide derived from LFA-1 that binds ICAM-1. For recombinant
expression as a Fc fusion, an additional N-terminal and two C-terminal glycine residues
were added to this peptide. Proteolipid Proteiny3g_151 and Myelin Oligodendrocyte
Glycoprotein38-50 are both myelin-derived antigenic peptides. For use as nucleophilic
ligands in the sortase-mediated ligation, the PLP peptide contains three additional N-
terminal glycine residues and the MOG peptide contains two additional N-terminal glycine
residues. On the C-terminus, the PLP peptide contains an additional glycine residue, and the
MOG peptide contains an additional glycine residue followed by two additional arginine
residues. The sortase A substrate tag is recognized by sortase A and can be utilized as a
peptide tag for C-terminal protein ligations. This tag contains three additional N-terminal
alanine residues and two additional C-terminal glycine residues.

In this work, a BPI-Fc fusion was prepared in which the two BPI peptides, a myelin-specific
antigenic peptide and a signal-2-blocking peptide, were conjugated to the N- and C-termini
of the fragment crystallizable (Fc) region of a human IgG1 antibody. Initial difficulties in
recombinant production of these Fc fusion proteins led us to utilize a sortase mediated
ligation to attach antigenic peptides and form BPI-Fc fusion proteins. BPI-Fc fusion proteins
were designed with the goal of suppressing experimental autoimmune encephalomyelitis
(EAE) in mice. Using the Fc as a platform may increase the half-life of the BPI-Fc due to
recycling by the FcRn receptor as well as reduced renal clearance because of increased
molecular weight (4 kDa for a traditional BPI compared to 57 kDa for a BPI-Fc).2?
Additionally, the Fc is a homodimer which allows the attachment of two of each of the BPI
peptides to the Fc scaffold, potentially increasing avidity in binding interactions of the BPI
peptides to their respective receptors. Furthermore, fusing to the Fc allows for increased
solubility of insoluble peptides. This work was a proof-of-concept project to determine
whether a BPI-Fc fusion could be prepared and whether the BPI peptides could still function
to protect against EAE when they are separated by a 223 amino acid Fc protein.
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RESULTS AND DISCUSSION

Construction of a BPI-Fc fusion

The fusion of small, rapidly cleared peptides and proteins to the Fc region of IgG antibodies
is an effective way to improve their half-lives, and because of this Fc fusion proteins have
become a prominent class of biopharmaceutics.30: 31 The initial attempt to prepare a BPI-Fc
fusion used recombinant DNA technology to fuse both the antigenic and signal-2 blocking
peptides to the human IgG1 Fc. A DNA construct was prepared consisting of the PLP and
LABL peptides fused to the N- and C-termini of the Fc, respectively (fH3N-
HSLGKWLGHPDKFGGG-Fc-AAAGGGITDGEATDSG, Supporting Information);
however, recombinant expression of this construct in glycosylation-deficient yeast resulted
in severe proteolysis of the PLP region as detected by intact protein mass spectrometry.
Three attempts were performed to express this dual fusion construct. The first attempt was
performed using a 1 L spinner flask and the conventional 3-day induction time (Supporting
Information Figure S1). Mass spectrometry showed that unproteolyzed PLP-Fc-LABL dual
fusion protein was present; however, it was not the major peak. Several other peaks of
smaller molecular weight were present, all of which corresponded to proteolysis within the
PLP region. Based on the ratio of peak heights in the mass spectrum, only 33% of the PLP-
Fc-LABL protein was unproteolyzed. In a second attempt, the PLP-Fc-LABL dual fusion
construct was expressed in a fermentor. Expression in a fermentor allows for more precise
control over air flow, agitation rate, pH, dissolved oxygen concentration, and carbon source
feed rate. Having more precise control over these expression conditions may help to reduce
proteolysis. Expression in a fermentor did result in unproteolyzed PLP-Fc-LABL being the
major peak in the mass spectrum (Supporting Information Figure S2). However, proteolysis
was still severe. In fact, there were additional proteolyzed species in the fermentor
expression compared to the spinner flask expression. Similar to the spinner flask expression
trial, all of the observed proteolysis occurred within the PLP region. Based on the mass
spectrometry peak heights, expression of the PLP-Fc-LABL protein in a fermentor resulted
in only 31% of the protein being unproteolyzed.

The PLP-Fc-LABL DNA construct was cloned in frame of the Saccharomyces cerevisiae
alpha factor prepro sequence to allow for secretion of the target protein into the media.
During protein expression, proteases may also be secreted and can cleave the secreted PLP-
Fc-LABL protein. In order to reduce the level of proteases present in the media, a third
expression was attempted. In this attempt, the cells were grown to density in a 1 L spinner
flask, pelleted by centrifugation under sterile conditions, and transferred to 1 L of fresh
media immediately before methanol-induced protein expression. Transferring the cells to
fresh media before induction resulted in fewer proteolysis products. Based on the peak
heights in the mass spectrum, 46% of unproteolyzed protein was obtained (Supporting
Information Figure S3). Although the third attempt produced the most uncut protein (46%),
proteolysis was unfortunately still severe. Since 1gG1 Fc is a dimer linked by inter-chain
disulfide bonds, the presence of only 46% uncut monomer in the reduced protein detected by
mass spectrometry translates to only approximately 21% of the disulfide-bonded dimer
having two full PLP peptides. It was decided that even with the reduced proteolysis, having
only 21% full-length dimer would potentially compromise future experiments.
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Since changing the expression conditions did not improve the proteolysis observed within
the PLP region sufficiently, expression of a different antigenic peptide fused to IgG1 Fc was
attempted to determine if the proteolysis problem was specific to the PLP peptide sequence.
The MOG peptide was fused to the N-terminus of the Fc (F"H3N-GWYRSPFSRVVHLGGG-
Fc) and expressed as a single Fc fusion. However, expression of this fusion showed that
proteolysis was even more severe within the MOG region than observed in the PLP fusion
(Supporting Information Figure S4). Based on the mass spectrometry peak heights, only 5%
of unproteolyzed MOG-Fc was obtained. For both the PLP-Fc-LABL and MOG-Fc fusions,
proteolysis was observed within the antigenic peptide sequence. Fortunately, the LABL
peptide sequence showed no proteolysis in all three expression attempts of PLP-Fc-LABL.
Given these results, an alternative method to prepare the BPI-Fc fusion was pursued.

IgG1 Fc fusions are most commonly prepared by recombinant protein expression.32: 33
However, the applicability of recombinant expression for the production of peptides and
proteins is limited by proteolysis and low expression yields. To circumvent these limitations,
the fusion partners can be prepared separately and conjugated /n-vitro using a variety of
bioconjugation techniques.3* 3> Such bioconjugation techniques can target natural
conjugation sites on proteins such as the thiol of cysteine residues, the primary amine of
lysine residues, and particular sugar residues of attached glycans. Additionally, non-native
sites can be added to the protein such as unnatural amino acid residues, sugar residues, and
peptide tags. Peptide tags are attractive, because the fusion partners can be conjugated site-
specifically, and the conjugation occurs on the peptide tag instead of the native protein. A
popular method for protein conjugation that requires a peptide tag substrate is sortase-
mediated ligation.38 Over the past decade, sortase A from Staphylococcus aureus has served
as an important conjugation tool to attach a variety of materials to proteins in a site-specific
manner.36-41 In addition to site-specificity, this enzymatic conjugation method is very
attractive for proteins as it is performed under mild conditions and requires only that one
species contain the LPXTG recognition motif, where X is any amino acid, while the other
species contains at least a single N-terminal glycine (Table 1).42 The mechanism of this
reaction is as follows: sortase A recognizes the LPXTG motif, cleaving between the
threonine and glycine residues using an active site cysteine. The glycine is released, and a
thioester intermediate is formed between the C-terminal threonine of the sortase-tagged
substrate protein and the active site cysteine of sortase A. Next, a ligand containing an N-
terminal glycine acts as a nucleophile, attacking the thioester to displace sortase A and form
an amide bond between the protein and ligand (Figure 2).36: 40

A new Fc fusion protein was prepared that consisted of the LABL sequence fused to the N-
terminus of the Fc, and a sortase A recognition tag (AAALPETGGG = ST) fused to the C-
terminus. This construct was named LABL-Fc-ST (*H3N-GITDGEATDSGGG-Fc-
AAALPETGGG). This approach avoids expression of the problematic antigenic peptides
and instead allows conjugation of antigenic peptides after expression using a C-terminal
sortase-mediated ligation (Figure 3). The LABL sequence was capped with an N-terminal
glycine so that the positively charged N-terminus was not directly part of the LABL
sequence. Also, a two glycine spacer was added in between the LABL and Fc to reduce the
likelihood of the Fc sterically hindering the binding activity of the LABL peptide. Similarly,
a three alanine spacer was added in between the Fc and ST recognition tag to reduce the
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likelihood of the Fc sterically hindering the sortase-mediated ligation. LABL-Fc-ST was
expressed in yeast and showed no proteolysis (Supporting Information Figure S5).
Furthermore, the 1 L spinner flask expression yield of LABL-Fc-ST was 5x higher than
PLP-Fc-LABL (15 mg vs. 3 mg, respectively).

Preparation of Antigenic Peptides

The PLP peptide was purchased at ~60% purity and then RP-HPLC purified in our
laboratory. The peptide was constructed with three glycine residues N-terminal to PLP since
at least one N-terminal glycine residue was required for this peptide to be a nucleophile in a
sortase-mediated ligation. The PLP peptide was designed with three sequential N-terminal
glycine residues because a previous study comparing the number of sequential glycine
residues on ligation yield showed that three N-terminal glycine residues gave a higher yield
than two or one but more than three didn’t result in a much higher yield.43 An additional C-
terminal glycine was also added to the PLP peptide so that the negative charge of the
carboxy terminus of the polypeptide backbone was spaced away from the PLP peptide.

The MOG peptide was chemically synthesized with two N-terminal glycine residues instead
of three because the native MOG3g_sq sequence begins with glycine. However, the MOG
peptide is very hydrophobic and doesn’t dissolve well in the aqueous buffer required for the
sortase-mediated ligation. Previously, active BPIs have been produced with linkers and
peptides attached to the C-terminus of MOG, and therefore we explored increasing the
solubility of MOG by C-terminal modification.2 In order to increase solubility under
aqueous conditions, two arginine residues were added to the C-terminus. Additionally, a one
glycine spacer was added in between MOG and the two arginine residues to reduce the
likelihood the positive charges of the arginine side changes interfering with binding of
MOG3g_5q to the MHC-1I and TCR.

Sortase-mediated Ligations

On sub-milligram scales, the two antigenic peptides, PLP and MOG, were enzymatically
ligated to the C-terminus of LABL-Fc-ST in a sortase-mediated manner to produce the
ligation products LABL-Fc-ST-PLP and LABL-Fc-ST-MOG, respectively. These reactions
were performed on small-scale to optimize the ligation yields, and because there was no
downstream application, they were not purified prior to characterization. Based on the peak
heights in the mass spectra, the ligation yields were both 90% (Figure 4B—C). The addition
of the antigenic peptides to LABL-Fc-ST was also observed by SDS-PAGE, which showed
an upward gel shift for LABL-Fc-ST-PLP and LABL-Fc-ST-MOG compared to LABL-Fc-
ST (Figure 4D). The method to prepare LABL-Fc-ST-PLP using a sortase-mediated ligation
was scaled up to produce enough material to conduct a mouse study to determine whether
the BPI-Fc was active in mice induced with EAE. A drawback of the sortase-mediated
ligation is that the product still contains the LPXTG recognition tag, so the product is also a
sortase substrate. In order to drive the sortase-mediated ligation to near completion, a large
excess of peptide was required (=1 mM). In order to prepare enough LABL-Fc-ST-PLP for a
mouse study, 52 mg of PLP peptide was prepared. Also, the expression of LABL-Fc-ST
protein was scaled up from a 1 L spinner flask to a 5 L fermentor to produce enough protein
for the mouse study. Fermentor expression of LABL-Fc-ST provided 105 mg of protein, and
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scaling up production of LABL-Fc-ST did not result in any proteolysis (Supporting
Information Figure S5 vs. Figure 4A).

In order to conserve peptide, almost a four-fold higher concentration of LABL-Fc-ST was
used (10 uM for small scale vs. 37 uM for large scale). Based on the mass spectrometry peak
height ratio of LABL-Fc-ST-PLP/(LABL-Fc-ST + LABL-Fc-ST-PLP), the large scale the
ligation yield was 87% (Figure 5A). This ligation yield was slightly lower than what was
observed for the small-scale reaction, but it was still nearly complete. The near-
completeness of the ligation can also be observed by SDS-PAGE (Figure 5B) where the
LABL-Fc-ST-PLP migrated slower (higher) than LABL-Fc-ST. However, SDS-PAGE also
showed side products of higher molecular weight than the expected product. These products
could have been caused by the N-terminal glycine that was added to LABL-Fc-ST, which
may have caused the N-terminus of LABL-Fc-ST to act as a nucleophile in the sortase-
mediated ligation to form LABL-Fc-ST-LABL-Fc-ST dimers. Also, another possibility is
that lysine residues have been shown to act as nucleophiles in the sortase-mediated ligation
because their primary amine side chains can compete with the GGG-peptide for thioester
attack.** The LABL-Fc-ST sequence contains 19 lysine residues in each chain, and
SrtAa1_s59 also contains 19 lysine residues. Additionally, the mass spectrum from the large-
scale ligation showed that approximately 14% of the product had a loss of a terminal
glycine. Because the terminal glycines are not part of the active PLP and MOG peptides, the
loss of this glycine was not seen as a problem that would interfere with the testing of this
fusion protein. After the reaction, the ligation product was purified by Protein G affinity
chromatography. The TIC overlay of LABL-Fc-ST-PLP before and after purification showed
that the SrtAa1_s9 and unreacted PLP peptide were no longer present in the purified sample
(Supporting Information Figure S6).

Evaluation of the BPI-Fc in EAE Mice

Ten 5-7 week old SJL/J mice were induced with EAE by immunizing them with an
emulsion of PLP139_157 peptide in CFA as well as pertussis toxin. To test whether the
LABL-Fc-ST-PLP fusion conjugate called BPI-Fc was able to suppress the effects of EAE,
on days 4 and 7 post-immunization, five mice were intravenously injected with 25 nmol of
the BPI-Fc and five with a PBS control. The study required approximately 15 mg of BPI-Fc.
In order to inject two doses of 25 nmol/dose into five mice, the protein had to be
concentrated to 168 pM (9.6 mg/mL) to allow for injection volumes of 150 L per dose.
During the course of the study, the mice were weighed and their physical symptoms
associated with the disease were scored (Figure 6). The BPI-Fc treated mice showed
significantly milder symptoms compared to the PBS control (Figure 6A). At the height of
symptoms, the PBS control mice experienced complete paralysis of one or two hind limbs
(average score = 3), whereas the BPI-Fc treated mice experienced, at most, tail weakness
(average score = 0.4). Furthermore, at no point during the study did the BPI-Fc treated mice
weigh less than their respective weights at day 0 (Figure 6B). In fact, the overall trend in the
% change in body weight showed that the BPI-Fc treated mice were gaining weight
throughout the study. On the other hand, the PBS control mice lost an average of 16% of
body weight at the height of symptoms (day 12). These results show that the BPI-Fc
protected the mice against the physical disablements and weight loss caused by EAE.
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On day 14, one mouse from both the BPI-Fc treated and PBS control groups were sacrificed
along with a normal mouse that was neither induced with EAE nor treated. A brain slice
from each mouse was sent to IHC World for Luxol Fast Blue (LFB) staining (Figure 7). The
amount of staining is representative of the amount of myelin present in the brain slice, which
is representative of the severity of the disease. A one-way ANOVA showed that there was a
statistical difference between the three tissue groups (p = 0.0004). A Tukey multiple
comparisons test showed no statistical difference in the amount of myelin staining between
the normal control mouse that was neither induced with the EAE disease nor treated and the
BPI-Fc-treated mouse (p = 0.2288). On the other hand, there was a statistical difference in
the amount of myelin staining between the normal control mouse and the PBS control
mouse (p = 0.0004). These results show that the BPI-Fc protected the mice against the
demyelination caused by EAE.

CONCLUSIONS

MS is an autoimmune disease that causes demyelination of the neurons in the central
nervous system. There is currently no cure for MS, and current therapies globally suppress
the immune system. BPIs are a promising novel approach to treating autoimmune diseases
like MS and can potentially be designed to specifically prevent the activation of immune
cells against a particular antigen. They are composed of an antigenic peptide fused to a
signal-2 blocking peptide. In this work, we set out to test if the BPI peptides could be
prepared as Fc fusions and if the BPI peptides could still work when fused to an 1IgG1 Fc
scaffold. The initial strategy was to fuse both peptides (antigenic peptide PLP139_151 and
signal-2 blocking peptide LABL) to the Fc using recombinant DNA technology. However,
this strategy didn’t work because expression in yeast resulted in proteolysis of the PLP
peptide. Three different expression conditions were tested, but severe proteolysis of the PLP
peptide was observed in all three expressions. Furthermore, a different antigenic peptide
(MOGa3g_5q) was tested instead of PLP. However, proteolysis of the MOG region was even
more severe than PLP.

Alternatively, a sortase-ligation strategy was developed to conjugate the antigenic peptides
to a human IgG1 Fc fused to LABL. When 1gG1 Fc fused to LABL and a sortase tag was
expressed in glycosylation-deficient yeast, there was no proteolysis and good yield of the
protein. The sortase ligation worked well to attach both the PLP and MOG antigenic
peptides to the LABL-Fc-ST fusion protein in high yields (90% for both ligations). The
advantage of this approach is that it avoids the proteolysis and expression problems that
seem to be associated with the antigenic peptides that we have experienced. It also allows a
single fusion protein (LABL-Fc-ST) to be expressed in quantity and then ligated to multiple
antigenic peptides, which may be helpful to combat antigen spreading.#> Additionally, this
method may be used to screen peptides for improved BPI-Fcs. The ligation strategy to
produce LABL-Fc-ST-PLP was scaled up to produce enough material (19 mg) to conduct a
mouse study. Scaling up reduced the ligation yield some, but not much (90% small scale vs.
87% large scale). The mouse study was conducted in EAE-induced mice, and it was found
that the BPI-Fc worked very well and significantly suppressed EAE in a mouse model. BPI-
Fc fusions are a promising line of research and will be explored further in the future.
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EXPERIMENTAL PROCEDURES

Materials

DNA primers were ordered from Eurofins (Huntsville, AL). IgG1 cDNA (MGC: 12853) was
previously purchased from the American Tissue Culture Collection (Manassas, VA).46
pGAPza A and pPICza A vectors were purchased from Invitrogen (USA). All restriction
enzymes, T4 Polynucleotide Kinase (PNK), T4 DNA Ligase, and protein markers were
purchased from New England Biolabs (Ipswich, MA). All final DNA constructs were
confirmed by DNA sequencing. Zeocin was purchased from InvivoGen (San Diego, CA).
Tryptone and yeast extract were both purchased from Becton, Dickinson and Company
(Sparks, MD). Yeast nitrogen base was purchased from Sunrise Science Products (San
Diego, CA). Fmoc-PAL-PEG-PS resin and 1-[Bis(dimethylamino)methylene]-1H-1,2,3-
triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU) were obtained from Applied
Biosystems (Foster City, CA) and Chem-Impex International, Inc. (Wood Dale, IL),
respectively. Protected amino acids were purchased from Peptides International (Louisville,
KY), Bachem (Torrance, CA), and Sigma-Aldrich (St. Louis, MO). Triisopropylsilane
(TIPS) and N,N-diisopropylethylamine (DIEA) were also purchased from Sigma-Aldrich.
Detoxi-Gel Endotoxin Removing Gel was purchased from Thermo Scientific (Waltham,
MA). All other chemicals were obtained from commercial sources without further
purification. Protein G resin was prepared in house as previously described.”: 48 All
materials and reagents, except for the protein markers, used for SDS-PAGE were purchased
from Bio-Rad Laboratories (Hercules, CA), and the experimental procedure used for SDS-
PAGE is described in the Supporting Information. All protein mass spectra, except those
pertaining to PLP-Fc-LABL (spinner flask with media change), MOG-Fc, and LABL-Fc-ST
(spinner flask) proteins were acquired using an Agilent 6520 electrospray ionization time-of-
flight liquid chromatography mass spectrometer (LC-MS) using a method previously
described.*® Mass spectra for PLP-Fc-LABL (spinner flask with media change), MOG-Fc,
and LABL-Fc-ST (spinner flask) proteins were acquired using a Waters Synapt G2
quadrupole time-of-flight LC-MS using a method previously described.4® Peptide-N-
Glycosidase F (PNGase F) was prepared in house using a method previously described.>0

Cloning of pPICzaA-LABL-Fc-ST

A construct consisting of a human 1gG1 Fc cDNA (T225—>Ky47) subcloned into pGAPza A
with a silent mutation to introduce a Sacl restriction site near the 5" end of the Fc coding
region (termed pGAPzaA-Fc) was produced previously in our laboratory and used as a
starting point for producing the peptide-Fc fusion proteins described herein. The sortase A
recognition tag (ST), a peptide, was attached C-terminal to the Fc polypeptide sequence.
This was accomplished by inserting DNA between the Notl site, which occurs after the last
human 1gG1 Fc encoded amino acid, and the Xbal site. Primers containing the ST DNA
sequence (5’ -ggccgecttgccagaaactggaggtggataat-3” and 5°-
ctagattatccacctccagtttctggcaagge-3”) were designed so that when they anneal, they create the
proper Notl and Xbal sticky ends. The 5’-termini of the primers were phosphorylated by
PNK. pGAPza A-Fc was digested with Notl-HF and Xbal, gel purified, and the ST DNA
sequence was ligated to the 3" side of the Fc DNA using T4 DNA Ligase to create
pGAPzaA-Fc-ST. The LABL DNA sequence was cloned on the 5” side of the Fc DNA in

Bioconjug Chem. Author manuscript; available in PMC 2018 July 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

White et al.

Page 10

pGAPza A-Fc-ST. Primers containing the LABL DNA sequence (5'-
tcgagaaaagaggaattactgatggagaagctactgattctggaggtggaacatgcccaccgtgeccageacctgaget-3° and
5’-caggtgctgggceacggtgggcatgttccacctccagaatcagtagcttetecatcagtaattectctttte-3") were
designed so that when they anneal, they create the proper Notl and Xbal sticky ends. The 5’-
termini of the primers were phosphorylated by PNK. pGAPzaA-Fc-ST was digested with
Xhol and Sacl, gel purified, and the digested LABL DNA sequence was ligated into
pGAPzaA-Fc-ST on the 5” side of the Fc DNA using T4 DNA Ligase to create pGAPza A-
LABL-Fc-ST. To allow for inducible expression under the strong AOX promoter, the LABL-
Fc-ST was cut out of pGAPza A and ligated into pPICza A. To perform this transfer, both
pGAPzaA-LABL-Fc-ST DNA and pPICza A were digested with Xhol and Xbal and gel
purified. LABL-Fc-ST and pPICza A digested products were ligated together using T4 DNA
Ligase to create pPICza A-LABL-Fc-ST. The plasmid was linearized using Pmel and
transformed into a strain of £ pastoris with the OCH1 gene deleted as previously
described.6

Fermentor Expression and Purification of LABL-Fc-ST

A colony of P, pastoris OCH1 KO transformed with pP1Cza A-LABL-Fc-ST was inoculated
in a culture tube containing 2 mL of YPD media and 100 ug/mL Zeocin. The culture was
grown in a shaker/incubator at 25°C. After 3 days, the 2 mL culture was transferred to a
baffled shake flask containing 250 mL of YPD media, 100 pg/mL Zeocin, and 1 drop of
antifoam. The culture was grown in a shaker/incubator at 25°C. After 3 days, the 250 mL
culture was transferred to a New Brunswick BioFlo 415 fermentor (Hauppauge, NY)
containing 5 L of sterilized Buffered Glycerol Complex Medium and PTM; salts at pH 6.0.
The pH was maintained by the fermentor-controlled addition of concentrated NH,OH,
which also served as the nitrogen source. Agitation and gas flow were set under cascade
control, which maintained an agitation range of 200-1000 rpm and a gas flow range of 1-20
L/min. The cells were grown on a carbon source feed of 50% glycerol in water for two days.
After which, the carbon source was changed to 100% methanol to allow for induction of
target protein. After 3 days of induction, the culture was harvested by centrifugation at 6,693
x g for 20 min using a Beckman JLA 10.5 rotor in a Beckman Avanti J-series centrifuge
(USA). The supernatant was collected and filtered using a Buon Vino Mini Jet Wine Filter
with 0.5 um filter pads (Cambridge, Ontario). The filtered supernatant was then concentrated
to 1 L using a Sartorius 30,000 MWCO tangential flow concentrator (USA). The
concentrated supernatant was purified using Protein G affinity chromatography. First, 10 mL
of Protein G resin was packed in a 1.5x20 cm diameter Bio-Rad Econo-column (Hercules,
CA) and equilibrated with 250 mL of 20 mM Sodium Phosphate buffer pH 6.0. Then the
concentrated supernatant was loaded onto the column and washed with 500 mL of 20 mM
Sodium Phosphate buffer and 0.5 M NaCl at pH 6.0. The captured protein was eluted using
0.1 M Glycine-Cl buffer, pH 2.7. The column was re-equilibrated with 250 mL Sodium
Phosphate buffer pH 6.0. This process was repeated until no more protein eluted from the
column. The collected protein was dialyzed against 4 L of TBS, pH 7.5 using Spectra/Por
3500 MWCO dialysis tubing (USA) at 4°C with two buffer changes. 105 mg of purified
protein was obtained as determined by measuring the optical density of the solution at 280
nm (MW = 54006.8 Da, eygp = 71570 M~1ecm™1).51
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Preparation of the PLP peptide (GGGHSLGKWLGHPDKFG)

The PLP peptide used in this work was purchased as 60% pure from Shanghai Mocell
Biotech Co. (Shanghai, China) and RP-HPLC purified. The peptide was purified on a
Thermo Separation Products HPLC (preparative run) using a C18 Vydac column
218TP1022 with a linear gradient of water/acetonitrile (6 mL/min, detection 220 nm, eluent
A is 5% acetonitrile and 0.1% TFA in water and eluent B is acetonitrile, 14-90% B in 40
min). The fractions were analyzed by HPLC on a 5 um C18 Econosphere column (4.6 x 250
mm) and lyophilized. The purity was determined by HPLC analysis using a Shimadzu
UFLC and UV detector at 220 nm. The mass was determined using a Matrix-assisted laser
desorption/ionization (MALDI) mass spectrometer (Supporting Information Figure S7). [M
+H]* mass (Da): Expected = 1749.9 and Observed = 1750.0.

Solid-Phase Peptide Synthesis of the MOG peptide (GGGWYRSPFSRVVHLGRR)

The MOG peptide was synthesized manually using Fmoc-PAL-PEG-PS resin (0.18 meg/q)
and employing standard Fmoc solid-phase peptide synthesis strategy. Couplings were
performed using 4-fold molar excess of each Fmoc L-amino acid, 4-fold molar excess of
HATU and 8-fold molar excess of DIEA. The peptide was then removed from the resin by
treatment with TFA/TIPS/H,0 (95/2.5/2.5 by volume) for 2 hours under nitrogen at room
temperature. The resin beads were filtered; the filtrate was precipitated in cold diethyl ether,
centrifuged, washed twice by diethyl ether, and dissolved in water. The crude peptide was
purified by RP-HPLC using the same conditions that were used for purification of the PLP
peptide. The mass was determined by MALDI mass spectrometry (Supporting Information
Figure S8). [M+H]* mass (Da): Expected = 2087.1 and Observed = 2087.2.

Expression and Purification of Sortase A

A construct of sortase A (SrtAp1_59) cloned with a C-terminal Hisg tag into pET23 (a gift
from Richard DiMarchi, Indiana University) was transformed into Escherichia coli Rosetta 2
strain. SrtAp1_59 Was expressed and purified according to a similar procedure previously
described (Supporting Information Figure S9).39 242 mg/L of purified enzyme was obtained
as determined by measuring the optical density of the solution at 280 nm (MW = 17719.0
Da, eygp = 14440 M~1cm™1) 51

Small-scale Sortase-mediated Ligations of LABL-Fc-ST + PLP and MOG peptides

The PLP and MOG peptides were separately ligated to the C-terminus of LABL-Fc-ST
using sortase-mediated ligations (Figure 3) on a sub-milligram scale. In each ligation, 10 uM
LABL-Fc-ST protein was combined with 6 mM CaCl,, 1 mM GGG-peptide (either PLP or
MOG), and 5 uM sortase in TBS, pH 7.5 in a 150 uL reaction.*? The ligations were
incubated at 35°C for 24 hours. After which, they were quenched by the addition of 25 mM
EDTA. The ligations were then observed by mass spectrometry and SDS-PAGE, which
showed a 90% ligation yield for both peptides.

Large-scale Sortase-mediated Ligation of LABL-Fc-ST + PLP peptide

On a 60 mg protein scale (the total of 6 pooled reactions), the PLP peptide was ligated to the
C-terminus of LABL-Fc-ST protein using a sortase-mediated ligation. In total, the ligation
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contained: 37 uM LABL-Fc-ST protein (60 mg), 6 mM CaCl,, 1 mM PLP peptide (52 mg),
and 7 UM SrtAa1-s9 (3.7 mg). The pH was adjusted to pH 7.5 using 1 M Tris base. The
ligation was allowed to proceed 24 hours at 35°C and then stored at —20°C until purification.

Purification of Large-scale LABL-Fc-ST-PLP

The reaction mixture was adjusted to pH 7.0 using 1 N HCI. The Fc-containing protein was
separated from SrtAa1_59 and unreacted PLP peptide using protein G affinity
chromatography. The column was first equilibrated using TBS, pH 7.0. Then the reaction
mixture was loaded onto the Protein G column, and the captured Fc protein was washed with
500 mL of 50 mM Tris and 500 mM NaCl, pH 7.0. Then the Fc-containing protein
(unreacted LABL-Fc-ST and product LABL-Fc-ST-PLP) was eluted using 0.1 M glycine-
HCI buffer pH 2.7 and immediately dialyzed against TBS, pH 7.5. The protein was then
passed through a Detoxi-Gel endotoxin removal column (Thermo Scientific) to remove
endotoxin contaminants that may have been introduced during the expression and/or
purification steps.52 The flow through from the endotoxin removal column was concentrated
using an EMD Millipore 10 kDa MWCO centrifugal concentrator (USA). Concentration
was stopped when the volume of the protein solution was 2 mL because precipitation was
observed. The concentrated protein was dialyzed against 4 L of 1x PBS pH 7.4 with one
buffer change at 4°C overnight and then filtered through an EMD Millipore 0.2 pm syringe
filter. The concentration of the end product was determined to be 168 pM (9.6 mg/mL, 19
mg total) by optical density of the solution at 280 nm (MW = 57128.3 Da, epg¢ = 82570
M~1ecm™1).51

Evaluation of BPI-Fc (LABL-Fc-ST-PLP) in EAE mice

The LABL-Fc-ST-PLP fusion protein was tested in mice induced with EAE using a similar
protocol that was used by Manikwar et a/. to test the I-domain protein, a 197 amino acid
region of the a.L subunit of LFA-1, conjugated to PLP139_157 peptide.53:54 Mice were
housed and maintained in the University of Kansas Animal Care Unit and the protocol for
this animal work had been approved by the Institutional Animal Care and Use Committee
(IACUC). Ten 5-7 week old Female SJL/J mice (Charles River Labs) were immunized with
PLP39_151 peptide in CFA on day 0. The PLP/CFA emulsion was injected above the
shoulders and flanks of the mice (4 doses at 50 pL/dose) by subcutaneous injection.
Additionally, on both days 0 and 2, the mice were administered 200 ng of pertussis toxin by
intraperitoneal injection. On both days 4 and 7, five mice were administered 150 pL of 168
UM LABL-Fc-ST-PLP protein (2 doses at 25 nmol/dose) and five mice were administered
150 pL of PBS by intravenous injection. During the 25-day study, the mice were scored
based on the severity of the physical symptoms associated with EAE. Scores ranged from 0
to 5 as follows: 0 = no symptoms, 1 = tail weakness, 2 = incomplete paralysis of one or two
hind limbs, 3 = complete paralysis of one or two hind limbs, 4 = complete paralysis of one
or two hind limbs plus paralysis one or two fore limbs, and 5 = moribund or dead.
Additionally, the mice were weighed throughout the study to observe their change in weight
relative to their weight on day 0. On day 14, one mouse from each group was sacrificed and
5 um slices of each mouse’s brain tissue were prepared as previously described.?4 The brain
sections were sent to IHC World (Woodstock, MD) for staining with LFB and cresyl violet
as previously described.®® The stained tissues were imaged by IHC World using a EPI
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Fluorescence Trinocular Microscope (Model# FM320-9M). IHC World also quantified the
amount of LFB staining in each brain tissue using ImageJ software. Statistical significance
between the stained tissue samples was determined using a one-way ANOVA (a.=0.05)
followed by a Tukey multiple comparisons test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Two-signal model of T-cell activation highlighting the role of the ICAM-1-LFA-1 receptor
pairing for both adhesion and costimulation and the alteration of T-cell activation by a BPI.
(A) Mechanism of proinflammatory T-cell activation against myelin protein. (1) Myelin-
specific antigen is internalized by an APC and broken into fragments. (2) The antigen
fragments are presented on the APC cell surface by MHC-II. (3) A naive CD4" T-cell binds
to the APC through the adhesion receptor pairings of ICAM-1 on the APC and LFA-1 on the
T-cell. (4) If the naive T-cell contains TCRs capable of recognizing the particular antigen
presented by MHC-I1, then the TCR binds the Ag-MHC-1I complex to initiate signal-1 on
the periphery. The ICAM-1-LFA-1 receptor pairings also function as costimulatory
molecules to constitute signal-2 in a central cluster. (5) The two signals reorganize so that
signal-1 pairings localize in the central cluster and the signal-2 pairings localize to the
periphery of the signal-1 cluster to form the immunological synapse, which directs the
maturation of a naive T-cell into a proinflammatory T-cell against the myelin antigen. (B)
Intervention of myelin-specific T-cell activation by a BPl. A BPI molecule consists of two
peptides, a myelin-specific antigenic peptide (PLP) and a signal-2 blocking peptide (LABL),
conjugated together. The antigenic peptide of the BPI allows formation of Ag—-MHC-II
pairing with the TCR to form signal-1 but inhibits the ICAM-1-LFA-1 receptor pairing to
prevent formation of signal-2. Because the BPI peptides are conjugated together, the BPI is
hypothesized to inhibit formation of the IS and alter the maturation of the naive T-cell into a
regulatory T-cell.
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Mechanism of sortase-mediated ligations. The ligation requires a substrate to bear a LPXTG

peptide tag. This peptide tag is recognized by sortase A. The enzyme cleaves between
threonine and glycine residues to form an acylenzyme intermediate. The acyl-enzyme

intermediate is then susceptible to nucleophilic attack by a ligand bearing an N-terminal
glycine residue, leading to the formation of an amide bond between the substrate and the

ligand.
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Figure 3.
Sortase-mediated addition of two different antigenic peptides to the C-terminus of LABL-

Fc-ST. An IgG1 Fc fusion containing an N-terminal LABL peptide and a C-terminal sortase
A recognition tag was reacted in a sortase-dependent manner with the (A) PLP and (B)
MOG peptides to produce LABL-Fc-ST-PLP and LABL-Fc-ST-MOG, respectively.
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Figure 4.
Characterization of LABL-Fc-ST and small-scale sortase-mediated ligations of LABL-Fc-

ST with the PLP and MOG peptides. Prior to characterization, the proteins were
deglycosylated with PNGase F and reduced to their monomeric states using dithiothreitol
(DTT). (A) Mass spectrum of recombinant expression of LABL-Fc-ST. LABL-Fc-ST MW
(Da): Expected = 27010.41and Observed = 27007.71. (B) Mass spectrum of small-scale
sortase-mediated ligation of LABL-Fc-ST + PLP peptide. LABL-Fc-ST-PLP MW (Da):
Expected = 28571.19 and Observed = 28568.53. (C) Mass spectrum of small-scale sortase-
mediated ligation reactions of LABL-Fc-ST + MOG peptide. LABL-Fc-ST-MOG MW (Da):
Expected = 28908.62 and Observed = 28904.46. (D) SDS-PAGE of LABL-Fc-ST and
sortase-mediated ligations of LABL-Fc-ST + PLP and MOG peptides. Lanes: 1 = 2-212
kDa MW marker, 2 = SrtAa1_s59, 3&5 = LABL-Fc-ST, 4 = sortase-mediated ligation of
LABL-Fc-ST + PLP peptide, and 6 = sortase-mediated ligation of LABL-Fc-ST + MOG
peptide.
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Figure 5.
Characterization of the large-scale sortase-mediated ligation of LABL-Fc-ST + PLP peptide.

Prior to characterization, the protein was deglycosylated with PNGase F and reduced to its
monomeric state using DTT. (A) Mass spectrum of LABL-Fc-ST + PLP peptide ligation
reaction. LABL-Fc-ST MW (Da): Expected = 27010.4 and Observed = 27006.7, LABL-Fc-
ST-PLP MW (Da): Expected = 28571.2 and Observed = 28567.5, and LABL-Fc-ST-PLP (-
Glycine) MW (Da): Expected = 28514.1 and Observed = 28510.5 (B) SDS-PAGE of large-
scale LABL-Fc-ST + PLP peptide ligation. Lanes: 1) 10-200 broad range protein marker, 2)
SrtAa1_59, 3) LABL-Fc-ST, and 4) LABL-Fc-ST-PLP.
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Figure 6.
Comparison of EAE mice treated with BPI-Fc (LABL-Fc-ST-PLP) vs. PBS control (n = 5).

(A) EAE clinical score in SJL/J mice after disease induction and treatment. Mice were
scored during the course of the study from 0-5 based on the physical symptoms observed.
(B) % change in body weight in SJL/J mice after disease induction and treatment. Each
mouse was weighed during the course of the study and the weight at each of the measured
days compared against the mouse’s weight at day 0.
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Figure 7.
Luxol fast blue staining of mice brain slices on day 14 after EAE induction. (A) Normal:

mouse neither induced with EAE nor treated. (B) BPI-Fc: mouse induced with EAE and
treated with BPI-Fc. (C) PBS: mouse induced with EAE and treated with PBS. (D)
Quantification of the area stained by LFB in each tissue. The % Area Stained by LFB for
each tissue was measured in triplicate, and the results between the three tissue samples were
compared for statistical significance using a one-way ANOVA and Tukey multiple
comparisons test.
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Table 1
BPI-Fc Fusion Peptides
Peptide Name Representation Sequence
ICAM-1 Binding Peptide CD11a,37_s46 (LABL) LABL GITDGEATDSGGG
Proteolipid Proteinzg 351 (PLP) PLP GGGHSLGKWLGHPDKFG

Myelin Oligodendrocyte Glycoproteingg 5o (MOG) m GGGWYRSPFSRVVHLGGR

Sortase A Substrate Tag (ST) AAALPETGGG
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