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Background: Protein biosynthesis and secretion are essential biological processes for therapeutic protein production.
Results: Generating functional anti-IL17A and anti-IL22 peptide-antibody bispecific therapeutic proteins requires pyrogluta-
mate addition and O-linked glycan removal.
Conclusion: Post-translational modifications play critical roles in determining structure and function of therapeutic proteins.
Significance: The peptide-antibody genetic fusion is promising for targeting multiple antigens in a single antibody-like
molecule.

Protein biosynthesis and extracellular secretion are essential
biological processes for therapeutic proteinproduction inmam-
malian cells, which offer the capacity for correct folding and
proper post-translational modifications. In this study, we have
generated bispecific therapeutic fusion proteins in mammalian
cells by combining a peptide and an antibody into a single open
reading frame. A neutralizing peptide directed against interleu-
kin-17A (IL17A) was genetically fused to the N termini of an
anti-IL22 antibody, through either the light chain, the heavy
chain, or both chains. Although the resulting fusion proteins
bound and inhibited IL22 with the same affinity and potency as
the unmodified anti-IL22 antibody, the peptide modality in the
fusion scaffold was not active in the cell-based assay due to the
N-terminal degradation. When a glutamine residue was intro-
duced at theN terminus, which can be cyclized to form pyroglu-
tamate in mammalian cells, the IL17A neutralization activity of
the fusion protein was restored. Interestingly, themass spectro-
scopic analysis of the purified fusion protein revealed an unex-
pectedO-linked glycosylationmodification at threonine 5 of the
anti-IL17A peptide. The subsequent removal of this post-trans-
lational modification by site-directed mutagenesis drastically
enhanced the IL17Abinding affinity and neutralization potency
for the resulting fusion protein. These results provide direct
experimental evidence that post-translational modifications
during protein biosynthesis along secretory pathways play crit-
ical roles in determining the structure and function of therapeu-
tic proteins produced by mammalian cells. The newly engi-
neered peptide-antibody genetic fusion is promising for
therapeutically targetingmultiple antigens in a single antibody-
like molecule.

Ever since human tissue plasminogen activator was first
approved by the Food and Drug Administration in 1986, culti-
vated mammalian cells have become important host cells for
the production of recombinant proteins for clinical applica-
tions, due to their relevant post-translationalmodifications and
stringent protein quality control mechanisms for correct pro-
tein folding and assembly (1, 2). Protein synthesis and extracel-
lular secretion of therapeutic proteins in mammalian cells are
complicated biological processes. Physiological and pharmaco-
logical properties of therapeutic proteins produced therein can
vary significantly due to the impacts on cellular biosynthetic
machineries by cell culture conditions and cell lineages. A bet-
ter understanding of these fundamental biological processes
and their relationships with the primary sequences of the pro-
teins can potentially improve the quality, efficacy, and safety of
the next generation of therapeutic products through protein
engineering and process engineering.
Recombinant therapeutic proteins generally include thera-

peutic antibodies and Fc-like fusions, therapeutic enzymes, and
small protein therapeutics (3–5), whereas therapeutic peptides
comprise another important class of biotherapeutic drugs.
Chemically synthesized peptide therapeutics have been suc-
cessfully marketed for many years (6, 7). They include highly
potent, naturally occurring peptide hormones, hormone ana-
logues, and fragments of larger proteins. Recent examples of
these therapeutic peptides include a 36-amino acid enfuvirtide
for HIV treatment (7), a hirudin-based thrombin inhibitor
bivalirudin (8), and exenatide (9), a 39-amino acid synthetic
peptide of exendin-4 found in the saliva of Gilamonsters. How-
ever, very few peptide-based drugs are derived from recombi-
nant display technologies (10), although they are attracting
increasing attention in recent years. The only known examples
on the market are ecallantide, a recombinant protein inhibitor
of plasma kallikrein for the treatment of acute attacks of hered-
itary angioedema (11), romiplostim, a recombinant thrombo-
poietin peptide mimetic Fc fusion for chronic idiopathic
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thrombocytopenic purpura (12), and peginesatide, a recombi-
nant erythropoientin-receptor peptide agonist for chronic kid-
ney disease (13, 14).
One of the major obstacles for peptide therapeutics develop-

ment is short serum half-life in vivo due to a rapid clearance
from circulation and little resistance to serum and tissue pro-
teases. There are a number of recent technology developments
addressing these issues. Chemical attachment of a polyethylene
glycol moiety is commonly used for half-life extension (15), but
intrinsic heterogeneity, renal toxicity (16), and induction of
anti-PEG antibodies (17) are potential drawbacks. Peptibodies
(12) or mimetibodies (18) consist of a peptide fusion with an
immunoglobulin Fc domain for peptide half-life extension.
Albumin-peptide fusion proteins (19) take advantage of the
long half-life of human albumin. Most recently, a randomly
engineered de novo polypeptide XTEN (20) is reported to
extend half-life of the exenatide. The CovX body, consisting of
synthetic peptides chemically conjugated to a humanized cata-
lytic aldolase antibody (21), has also been found, effectively
extending the half-life of bispecific peptide heterodimers (22).
Although these advanced modalities attempt to solve the issue
of poor pharmacokinetics of peptides, they do not utilize exist-
ing therapeutic antibodies, and some havemanufacturing com-
plexity, requiring an additional in vitro production step.

We have developed an approach to combine one or more
peptides with an antibody using genetic engineering to make
use of the well established mammalian production system for
recombinant proteins. This bispecific peptide-antibody fusion
protein should extend the peptide half-life while targeting two
unique and potentially synergistic therapeutic targets. CVX-
5484 is a 15-amino acid peptide optimized from a lead peptide
isolated by phage display,3 which can potently neutralize
human homodimeric cytokine IL17A (24). Because IL17A and
another CD4� T helper 17 cell lineage (25, 26) cytokine, IL22,
both exhibit potent proinflammatory properties in animal
models of autoimmunity (27, 28) andmay have complementary
and synergistic effects in the etiology of rheumatoid arthritis
and psoriasis, we have decided to investigate the genetic fusion
of this neutralizing IL17A peptide to a previously developed
anti-IL22 human antibody (IL22-104) (28). The data from the
study reveal that the peptide modality in the resulting fusion
proteins is muchmore susceptible to loss of function than anti-
bodymodalitywhen expressed in human embryonic kidney 293
cells (HEK293). For generating a bispecific fusion molecule
fully functional with both in vitro binding and cell-based activ-
ities, N-terminal pyroglutamate addition and removal of an
unexpected O-linked glycan are required.

EXPERIMENTAL PROCEDURES

Expression Constructs—A PCR fragment encoding a murine
IgG1 leader sequence, anti-IL17A CVX-5484, six-glycine
linker, and antibody IL22-104 mature light chain was cloned
into a murine cytomegalovirus promoter containing vector
pSMED2 (pWZ1237, G6-LC). A similar PCR fragment encod-

ing a murine IgG1 leader sequence, CVX-5484, GSE21 linker
(GSGEGEGSEGGGEGEGSEGSG), and antibody IL22-104
mature light chain, was cloned into pSMED2vector (pWZ1236,
GSE21-LC). G6-HC (pWZ1238) encodes a murine IgG1 leader
sequence, CVX-5484, a G6 linker, and antibody IL22-104
mature heavy chain in pSMED2. GSE21-HC (pWZ1239)
encodes a murine IgG1 leader sequence, CVX-5484, GSE21
linker, and antibody IL22-104 mature heavy chain in pSMED2.
Q-G6-HC (pWZ1246) and Q-GSE21-HC (pWZ1247) inserted
a glutamine codon 5� to the CVX-5484 coding fragment
in pWZ1238 and pWZ1239, respectively. Q-GSE12-HC
(pWZ1248) replaced the G6 linker in Q-G6-HC with GSE 12
(GSGEGEGSEGSG). Q-GSE21-LC (pWZ1256) inserted a glu-
tamine codon 5� to CVX-5484 coding fragment in GSE21-LC.
Q-G-HC (pWZ1257) replaced the G6 linker in Q-G6-HC with
glycine. Q-HC (pWZ1258) removed glycine from Q-G-HC.
Q-G6-LC (pWZ1260) inserted a glutamine codon 5� to the
CVX-5484 coding fragment in G6-LC. Q-G-LC (pWZ1263)
replaced the G6 linker in Q-G6-LCwith glycine. Q-GSE21-LC-
T5A (pWZ1269) and Q-GSE21-HC-T5A (pWZ1274) con-
tained a TCC3 GCC change in Q-GSE21-LC and Q-GSE21-
HC, respectively. All constructs were confirmed by DNA
sequencing.
Cell Culture and Transfections—HEK293F cells (American

TypeCultureCollection (ATCC),Manassas, VA)were cultured
in freestyle 293 medium (Invitrogen). Cells were grown and
maintained in a humidified incubator with 7% CO2 at 37 °C.
Conditionedmedium for the peptide-antibody constructs were
produced from a large scale transient HEK293 transfection
process. Essentially, for the culture volume of 10 liters, 5 mg of
heavy chain and light chain plasmid DNAs were mixed with 20
mg of polyethyleneimine (25 kDa, linear, neutralized to pH 7.0
by HCl, 1 mg/ml, Polysciences (Warrington, PA)) in 500 ml of
Opti-MEM medium (Invitrogen). Then the mixtures were
mixed with 10 liters of HEK293F cells preseeded in a wave bio-
reactor at a cell density of 1.25� 106 cells/ml. 0.5% tryptoneN1
(Organotechnie, Quebec, Canada) was added 24 h post-trans-
fection. The wave bioreactors were incubated at 37 °C with a
rocking rate of 20 rpm for 120 h before harvest. The condi-
tioned media were filtered at 0.22 �m prior to purification.
Protein Purification—The conditioned medium was batch-

bound to 4 ml of rmpProtein A resin (GE Healthcare) equili-
brated with 137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, 2.7
mM KH2PO4, pH 7.2 (PBS), at 4 °C overnight. The column was
washed with 10 column volumes of PBS and then with 10 col-
umn volumes of PBS � 0.02% Tween 20. The column was then
washed with an additional 30 column volumes of PBS before a
step elution with 100 mM citric acid, 150 mM NaCl, pH 3. Peak
fractions were neutralized to pH 7.0 with 2 M Tris, pH 9.0,
pooled, buffer-exchanged into PBS, and then concentrated to
1.5 mg/ml using a 50,000 molecular weight cut-off centrifugal
device.
Biacore—Kinetic analysis was performed using a Biacore

2000 or 3000 (GEHealthcare). All experiments were performed
at 25 °C, and all reagents were coupled usingN-hydroxysuccin-
imide and N-ethyl-N�-(3-dimethylaminopropyl) carbodiimide
to activate the surface, and the surface was subsequently
blocked following immobilization with ethanolamine. For IL22
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kinetics experiments, the antibodies/fusions were directly
immobilized. Antibody/fusion immobilization levels ranged
from 75 to 1,700 RU. Kinetic measurements were performed at
30�l/min.Various concentrations of IL22, ranging from15.6 to
1 �M, or buffer were prepared in PBS-NET buffer (8.1 mM

Na2HPO4, 1.47 mM KH2PO4, pH 7.2, 287 mM NaCl, 2.7 mM

KCl, 3.2mMEDTA, 0.005%Tween 20). All surfaces were regen-
erated using one 30-s pulse of 10 mM glycine HCl at pH 1.7,
followed by PBS-NET. Two independent experiments were
acquired, with injections acquired in duplicate, on two different
surfaces of immobilized antibody or fusion.
For measurement of peptide kinetics to IL17A, IL17A was

directly immobilized. Kineticmeasurementswere performed at
50 �l/min. Various concentrations of each peptide, ranging
from 7.8 to 500 nM, or buffer were prepared in PBS-NET buffer.
All surfaces were regenerated at 50 �l/min using three 30-s
pulses of a solution of 33 mM NaPO4, 333 mM NaCl, 6.7%
DMSO, 6.7% formamide, 6.7% ethanol, 6.7% acetonitrile, and
6.7% 1-butanol, followed by PBS-NET. Three independent
experiments were acquired, with injections acquired in dupli-
cate, each over three surfaces of immobilized IL17A.
For IL17A binding kinetics to the genetic fusions, anti-hu-

man IgG antibody (GE Healthcare) was coupled to a research
grade CM5 sensor chip by amine coupling as instructed by the
manufacturer at surface densities between 4,000 and 7,500 RU.
Genetic fusionswere captured to the anti-human IgG surface at
surface densities between 60 and 560 RU. Kinetic measure-
ments were performed at 50 �l/min. Various concentrations of
the human IL17A, ranging from 3.9 nM to 4 �M, or buffer were
prepared in PBS-NET. All surfaces were regenerated at 50
�l/min using three 30-s pulses of 3 M MgCl2, followed by 2 mM

glycine HCl at pH 1.7, followed by PBS-NET. Two independent
experiments were acquired, with injections acquired in dupli-
cate or in triplicate, each over three surfaces of captured genetic
fusion.
For all experiments, data were double referenced using

Scrubber version 2.0c software (BioLogic Software) (29). The
transformed data were fit to a 1:1 binding model in BiaEvalua-
tion version 4.1.1 (GE Healthcare).
BJ Cell Assay—Human foreskin fibroblast cells and BJ cells

(American Type Culture Collection) were maintained in
DMEM, 10% FCS, 2 mM glutamine, 1 mM sodium pyruvate, 0.1
mM MEM nonessential amino acids, 100 units/ml penicillin,
100 �g/ml streptomycin. BJ cells were seeded at 5 � 103 cells/
well into 96-well flat bottom microtiter plates in which IL17A
had been prediluted in culture medium at a final concentration
between 1 and 5 ng/ml. In treatments where IL17A inhibitors
were used, genetic fusions were added to the wells and serially
diluted 3� in a 150-�l total volume. Cells were incubated at
37 °C for 16–24 h, and supernatants were collected and ana-
lyzed for growth-related oncogene-� (GRO-�) production by
ELISA.
HT29 Assay—GRO-� assays were performed to assess the

antibody’s ability to block the IL22-induced GRO-� secretion
from HT29 cells. HT29 cells where seeded in a 96-well flat
bottom tissue culture plate (catalog no. 3595, Corning Inc.) in
DMEMmedium (DMEM, 10% FBS, 100 units/ml penicillin and
streptomycin, 2 mM glutamine) at 5 � 104/well. 10 ng/ml IL22

was mixed with serially diluted antibody in DMEM medium
and incubated for 30 min at 37 °C. 24 h after seeding, medium
was removed fromHT29 cells, and premixed IL22 and antibody
were added to the cells in a 96-well plate. After 48 h of incuba-
tion at 37 °C with 5% CO2, mediumwas collected, and secreted
GRO-� was tested using a human GRO-� immunoassay kit
(catalog no. DGR00, R&D Systems), according to the manufac-
turer’s directions.
ELISA—The ELISA was run according to the manufacturer’s

protocol (catalog no. DY275E, R&D Systems). Plates were
coated with anti-human GRO-� (catalog no. MAB275, R&D
Systems) at 4 �g/ml. A standard curve was run from a 4 ng/ml
recombinant human GRO-� standard (catalog no. 275-GR,
R&D Systems) diluted serially 2�. Samples were added in
supernatant from assay plate, diluted 2� into PBS plus 1% BSA,
pH 7.2. Bound GRO-� was detected with anti-human GRO-�
biotin (catalog no. BAF275, R&D Systems) at 40 ng/ml, fol-
lowed by streptavidin-HRP (catalog no. DY998, R&D Systems),
followed by a 1:1 mixture of H2O2 and tetramethylbenzidine
substrate (catalog no. DY999, R&D Systems), followed by 2 N

H2SO4. An end point measurement was taken using the Spec-
traMax instrument at 450–550 nm. GRO-� levels were calcu-
lated from ELISA absorbance units by fitting the binding curve
for the GRO-� internal standard to a four-parameter fit using
the XLfit Excel Add-In version 4.3.2 build 11 and MathIQ ver-
sion 2.2.2 build 152. IC50 values were determined by fitting
sample data to a four-parameter dose-response curve. Data
shown are for a single representative experiment. Reported val-
ues are averages � S.D. from two independent experiments,
one of which was run in duplicate.
Deglycosylation of N-Linked Glycans and Disulfide Bond

Reduction—Peptide-antibody fusion protein samples were
deglycosylated by peptide:N-glycosidase F (New England Bio-
Labs, Ipswich, MA) and further reduced by TCEP (Thermo
Fisher). The samples were acidified by diluting 1:1 with 0.1%
formic acid (Sigma-Aldrich) followed by liquid chromatogra-
phy mass spectrometry analysis.

�-Elimination and Michael Addition of O-Linked Glycan—
Peptide-antibody fusion protein samples were reduced with
DTT (20 mM) and alkylated with iodoacetamide (50 mM) and
separated on a SDS-polyacrylamide gel. The band correspond-
ing to the fusion protein containing the anti-IL17A peptide was
excised and incubated with 70% ethylamine at 50 °C for 18 h.
The band was then digested with trypsin and the resulting pep-
tides were analyzed by liquid chromatography mass spectrom-
etry/mass spectrometry analysis.
Liquid Chromatography Mass Spectrometry—Liquid chro-

matography mass spectrometry (LC-MS) analysis was per-
formed using a Waters Xevo Q-TOF G2 mass spectrometer
(Waters, Milford, MA) coupled to an Agilent (Santa Clara, CA)
1100 capillary HPLC. The deglycosylated and reduced samples
were separated over an Agilent Poroshell 300SB-C8 (0.5 �
75-mm) column maintained at 80 °C with a flow rate of 20
�l/min. Mobile phase A was water with 2% acetonitrile and
0.1% formic acid, and mobile phase B was acetonitrile with 2%
water and 0.1% formic acid. Proteins are eluted from the col-
umn using a gradient: 2–20% B in 0.5 min, 20–40% B in 6 min,
and 40–100% B in 4 min. The mass spectrometer was run in
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positive MS only mode, scanning from 800 to 2,000 m/z, and
data were acquired with MassLynx (Waters) version 4.1 soft-
ware. The TOF-MS signals corresponding to the light and
heavy chains were summarized and deconvoluted using the
MaxEnt1 (Waters) program.
For LC-MS/MS analysis, recovered peptides were loaded

onto a Pico-frit column (NewObjective, Woburn, MA) packed
with reversed-phaseMagic (Michrom, Auburn, CA) C18mate-
rial (5�m, 200Å, 75�m� 10 cm) coupled to an LTQ-Orbitrap
XLmass spectrometer (ThermoElectron,Waltham,MA). Pep-
tides were separated at a flow rate of 0.2 �l/min using a 90-min
linear gradient ranging from 2 to 40% B (mobile phase A: 0.1%
formic acid, 2% acetonitrile; mobile phase B: 90% acetonitrile,
0.1% formic acid). The instrumental method consisted of a full
MS scan (scan range 375–2,000 m/z, with 30,000 full width at
half-maximumresolution atm/z 400, target value 2� 106,max-
imum ion injection time of 500ms) followed by data-dependent
collision-induced dissociation scans of the four most intense
precursor ions. Peptide precursor ions were selected with an
isolation window of 2.5 Da and a target value of 1 � 105. The
normalized collision energy was set to 35% for collision-in-
duced dissociation and 40% for higher energy collisional dis-
sociation, respectively. The mass spectra were searched
against a public antibody database, with the sequences of our
constructs added, using the Proteome Discoverer version 1.2
search algorithm (ThermoElectron). The mass accuracy was
set to 5 ppm for precursor ions and to 0.5 Da tolerances for
fragment ions. The search parameters took into account two
missed cleavages for trypsin, static modification of carbox-
amidomethylation at cysteine (�57.0215 Da), and dynamic
modification for methionine oxidation (Met �15.9949 Da),
and the addition of ethylamine was also considered on serine
and threonine (�27.0473 Da).

RESULTS

Generating Peptide-Antibody Genetic Fusions between Anti-
IL17APeptide andAnti-IL22Antibody—As shown in Fig. 1, the

15-amino acid peptide CVX5484 was fused genetically to IL22-
104 antibody. Because the peptide requires a free N terminus
for its anti-IL17A neutralization activity, it was only fused to
N-terminal ends of the antibody polypeptides.
As described under “Experimental Procedures,” the DNA

sequence encoding the peptide was inserted into the 5� DNA
sequence encoding either the heavy chain (HC-divalent), the
light chain (LC-divalent), or both chains (tetravalent) of the
IL22-104 antibody downstreamof the signal sequence. Accord-
ing to structural modeling (Fig. 1), the hydration shell (30)
between the IL17A structure (31) and a Fab molecule of an
antibody is about 20–50 Å.We therefore added three different
linker lengths (6 glycines (G6) and glycine-serine-glutamate
repeats (GSE12 andGSE21)) between the peptide and antibody
in order tominimize any loss of binding for either the peptide to
IL17A or the antibody to IL22. The resulting DNA constructs
were expressed in HEK293 cells, and the proteins were purified
from the conditionedmedia, as described under “Experimental
Procedures.”
The Peptide-Antibody Genetic Fusion Neutralized IL22

Activity Equivalent to Parental Anti-IL22 Antibody While
Lacking Anti-IL17A Neutralizing Activity—We first deter-
mined if the peptide-antibody fusion retained any anti-IL22
binding activity. A kinetic analysis with parental IL22-104
antibody and peptide-antibody fusions was performed using
a Biacore 2000 by directly immobilizing the antibody and
fusions on the sensor chips, as described under “Experimen-
tal Procedures.” The peptide-antibody fusion proteins
(G6-LC and others) retained full binding to IL22 (2 � 2 pM)
compared with the parental IL22 antibody, IL22-104 (0.2 � 0.2
pM) (Fig. 2A).

To characterize the cell-based neutralizing activity of the
peptide-antibody fusions, IL22-stimulated release of GRO-�
production (32–34) in HT29 cells was measured as described
under “Experimental Procedures.” The peptide-antibody
fusionG6-LC showedno loss of neutralization activity for IL22-

FIGURE 1. Diagram of peptide-antibody genetic fusions between anti-IL17A peptide and anti-IL22 antibody.
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stimulated HT29 cells with an IC50 of 90 pM (Fig. 2B). These
data together demonstrate that the presence of an anti-IL17A
peptide at the N terminus of the IL22-104 antibody does not
affect its binding and neutralizing activities.
Next we assessed the IL17A binding ability of the peptide-

antibody fusions. Kinetic Biacore analysis with an anti-human
Fc-coated sensor chip immobilizing the peptide-antibody
G6-LC was performed as described under “Experimental Pro-
cedures” (Fig. 2C). Various concentrations of human IL17A
(125–1,000 nM) were injected over the sensor chip surface. The
peptide-antibody has a KD of 80 nM. When measuring the
CVX5484 peptide kinetics to IL-17A, IL-17A was directly
immobilized on a CM5 sensor chip via amine coupling, fol-
lowed by injection of various concentrations of the peptide. The

CVX5484 peptide has a KD of 10 nM (Table 1). These data indi-
cate that, although the affinity of the peptide-antibody G6-LC
for IL17A is reduced, it retains the binding activity with IL17A
in vitro.
To examine the IL17A cell-based neutralizing activity of the

peptide-antibody, IL17A-stimulated release of GRO-� (35) in
human foreskin fibroblast BJ cells was measured as described
under “Experimental Procedures.” As shown in Fig. 2D, the
control anti-IL17 antibody blocked IL17A-stimulated GRO-�
release, but no inhibition activity was observed for the peptide-
antibody fusionG6-LC.The anti-IL17A chemically synthesized
peptide CVX-5484 without N-acetylation cap, which mimics
naturally occurring peptide, also showed no neutralizing activ-
ity in the BJ cell-based assays, but this peptide did show 10 nM

FIGURE 2. The peptide-antibody genetic fusion neutralizes the IL22 activity equivalent to parental anti-IL22 antibody while lacking anti-IL17A
neutralizing activity. A, kinetic analysis with human IL22 using a Biacore 2000. B, IL22-stimulated release of GRO-� production in HT29 cells. C, table summary
of kinetic analysis with human IL17A using a Biacore 2000. D, IL17A-stimulated release of GRO-� in BJ human foreskin fibroblast cells. Error bars, S.D.
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KD binding (Table 1). These data indicate that the peptide
modality in the peptide-antibody scaffold wasmore sensitive to
loss of function when expressed inmammalian cells as part of a
genetic fusion than the corresponding antibody modality.
N Terminus of the Anti-IL17A and Anti-IL22 Peptide-Anti-

body Fusion Was Degraded—We suspected that this lack of
IL17A cell-based neutralizing activity for the peptide-antibod-
ies was probably due to N-terminal degradation of the anti-
IL17A peptide in the fusion, because the N terminus of the
peptide is important for its activity.3 To better understand this

susceptibility to loss of function, we examined the integrity of
the N terminus in the peptide-antibody fusions. As shown in
Fig. 3, degradation at the N terminus of the peptide G6-LC
fusion protein was indeed observed following incubation in
mouse serum. Fig. 3A showed a range of smaller than expected
polypeptides in SDS-PAGE, and LC-MS/MS data indicated
that they were degraded at the N terminus (Fig. 3B).
Engineering an N-terminal Pyroglutamate Helped Restore

IL17A Neutralization Activity—To further delineate the func-
tion of the N terminus, several anti-IL17A peptides that varied

FIGURE 3. Characterization of the peptide-antibody fusion G6-LC in serum. A, SDS-PAGE of G6-LC peptide-antibody fusion protein following incubation in
mouse serum for 48 h. The IL17A peptide was cleaved nonspecifically at numerous positions. B, mass spectroscopic extracted ion chromatograms of the intact
anti-IL17A peptide CVX5484 of the peptide-antibody fusion G6-LC and one example of the detected truncations, as described under “Experimental
Procedures.”

TABLE 1
Binding affinity and cell-based potency values of different peptides and peptide-antibody genetic fusions for IL17A

Modalities ka kd KD IC50

M�1 s�1 s�1 nM nM
IHVTIPADLWDWINK-NH2 (CVX5484) 1.3 � 0.2 � 105 1.32 � 0.07 � 10�3 10 � 2 No activity
PyrEIHVTIPADLWDWINK-NH2 1.7 � 0.2 � 105 1.0 � 0.2 � 10�3 6.0 � 0.6 1.4
PyrEAIHVTIPADLWDWINK-NH2 1.3 � 0.3 � 105 1.0 � 0.2 � 10�3 8 � 2 1.7
PyrEGIHVTIPADLWDWINK-NH2 1.5 � 0.4 � 105 1.1 � 0.2 � 10�3 7.2 � 0.8 10
PyrEGGIHVTIPADLWDWINK-NH2 1.6 � 0.3 � 105 1.1 � 0.3 � 10�3 7 � 2 2.4
Q-G6-HC 2.5 � 0.9 � 104 1.4 � 0.2 � 10�3 60 � 30 7.0
Q-GSE12-HC 3.0 � 1.0 � 104 1.9 � 0.5 � 10�3 80 � 70 12
Q-GSE21-HC 1.84 � 0.02 � 104 1.7 � 0.3 � 10�3 100 � 20 �133
Q-GSE21-LC 5.0 � 3.0 � 103 1.9 � 0.3 � 10�3 500 � 300 18.4
Q-GSE21-LC-T5A 2.2 � 0.5 � 105 2.5 � 0.5 � 10�4 1.2 � 0.2 0.25
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in size and N terminus (Table 1, peptide modality rows 2–5)
were chemically synthesizedwith noN-acetylation (Table 1). In
these peptides, non-natural amino acid pyroglutamate was
added to the N terminus. This pyroglutamate modification
could presumably prevent N-terminal degradation of polypep-
tide chains. As shown in Table 1, the addition of pyroglutamate
either alone or with additional amino acids did not affect bind-
ing to IL17A. All of the peptides with the N-terminal pyroglu-
tamate regained their ability to neutralize IL17A in the BJ cell-
based assay with IC50 values ranging from 1 to 10 nM (Table 1),
indicating that engineering a pyroglutamate can indeed rescue
the anti-IL17A neutralizing activity of the CVX-5484 peptides
that lack N-acetylation protection. Because pyroglutamate can
be formed naturally from the cyclization of an N-terminal glu-
tamine residue in a polypeptide when expressed in mammalian
cells (36, 37), new peptide-antibody fusions with an engineered
glutamine N-terminal to the CVX-5484 peptide were gener-
ated. LC-MS data confirmed the cyclization rate of the N-ter-
minal glutamine of the peptide-antibodies in HEK293 cells was
nearly 100% (data not shown). Two of these peptide-antibody
fusions, Q-G6-HC andQ-G12-HC, inhibited IL17A in the cell-
based assay with a potency of 7 and 12 nM IC50, respectively
(Table 1). Thus, the presence of pyroglutamate at the N termi-
nus restored potency for IL17A cell-based activity, although
this modification was not essential for the binding.
Mass Spectroscopic Analysis Revealed an Unexpected

O-Linked Glycosylation Modification at Threonine 5 of the
Anti-IL17A Peptide—Although the presence of a pyrogluta-
mate at the N terminus restored the cell-based activity, this
scaffold was still less potent than the pyroglutamate-CVX-5484
peptide alone (Table 1). To further optimize the scaffold, we
shortened the linker and constructed a tetravalent scaffold by
fusing theCVX-5484peptide to both the heavy and light chains.
However, no significant improvement in binding was observed
(Table 2).
Unexpectedly, the LC-MS mass spectroscopic data (Fig. 4A)

of the peptide:N-glycosidase F deglycosylated and reduced
sample had a mass increase of 946 Da on the light chain of the
Q-GSE21-LC fusion, the same chain that contained the anti-
IL17A peptide CVX5484. We rationalized that the anti-IL17A
peptide was post-translationally modified. Such a large mass of
modification typically indicates a glycan modification. There is
no N-linked glycosylation site present in the peptide (NX(S/T)
motif), and the treatment of peptide:N-glycosidase F, which
was used to remove N-linked glycan from IgG heavy chain, did
not eliminate this modification. We therefore hypothesize that

this modification is probably an O-linked glycan, based on the
molecular mass increase (946 Da) matching that of the core 1
structurewith two additional sialic acids. There is no consensus
sequence forO-linkedmodification (38), but any serine or thre-
onine residue is a potential site, and O-linked glycans are fre-
quently clustered in short regions of peptide chains that contain
repeating units of serine, threonine, and proline. For the CVX-
5484 peptide, a proline residue was found at the�2-position to
threonine 5 (Fig. 1), making it a potential site.
To test this hypothesis and to identify the site of modifica-

tion, we performed �-elimination and Michael addition using
ethylamine on the Q-G-HC construct. Treatment with ethyl-
amine can remove the O-linked glycan and also add an ethyl-
amine in its place (39). A molecular ion with m/z of 953.6881
(z � 3) was detected, corresponding to the anti-IL17A peptide
with an addition of ethylamine. Further MS/MS analysis con-
firmed the identity and location of themodification onThr-5 of
the anti-IL17A peptide (Fig. 4B). Both protein level and peptide
mapping results suggest the presence of an O-linked glycan
modification, and the occupancy rate of the modification was
greater than 90% on threonine 5.
The Removal of O-Linked Glycan by Site-directed Mutagene-

sis Drastically Enhanced the IL17A Binding Affinity and Neu-
tralization Potency for the Resulting Fusion Protein—We there-
fore hypothesized that the presence of a glycan at the threonine
5 position blocked the interaction between the CVX-5484 pep-
tide and IL17A, thus lowering the ability of the peptide-anti-
body fusion to neutralize IL17A.
To confirm this hypothesis, we mutated threonine 5 to an

alanine in the peptide-antibody Q-GSE21-LC. The resulting
mutant peptide-antibody, Q-GSE21-LC-T5A, was expressed,
purified, and confirmed to lack theO-linked modification (Fig.
4A). The peptide-antibody fusion, Q-GSE21-LC-T5A, showed
a 400-fold improved KD compared with Q-GSE21-LC (1.2 ver-
sus 500 nM, respectively) (Table 1 and Fig. 5A). The Q-GSE21-
LC-T5A lacking O-linked modification had a binding affinity
that was better than or at least similar to that of the pyrogluta-
mate-CVX-5484 peptide (1.2 nM versus 6 nM, respectively)
(Table 1). In addition, a significant improvement in potency
was observed in the IL17A cell-based assay (Table 1 and Fig.
5B). The peptide-antibody fusion, Q-GSE21-LC-T5A, showed
a 70-fold improved IC50 comparedwithQ-GSE21-LC (0.25 ver-
sus 18.4 nM, respectively). The peptide-antibody tetravalent
fusion, Q-GSE21-tetravalent-T5A, also showed a similar IC50
improvement over Q-GSE21-tetravalent (0.033 versus 23.4 nM,
respectively; Fig. 5B). Both T5A peptide-antibody fusions have
an IC50 value that is significantly improved over that of the
CVX-5484 peptide (0.033 and 0.25 nM versus 1.4 nM) (Fig. 5B
and Table 1). Thus, the peptide-antibody fusions lacking the
O-linked post-translationalmodification in theCVX-5484 pep-
tide region are now fully functional against twodifferent human
targets, IL17A and IL22.

DISCUSSION
This study has produced for the first time inmammalian cells

a single fusionmolecule utilizing both therapeutic peptides and
therapeutic antibodies. Because both peptides and antibodies
are versatile pharmacophores, the potential diversity of the

TABLE 2
Summary of binding kinetics for different peptide-antibody
fusion proteins to human IL17A

Peptide-Antibodies ka kd KD

M�1 s�1 s�1 nM
Q-G-HC 2.0 � 0.5 � 104 1.0 � 0.2 � 10�3 51 � 6
Q-G6-HC 1.8 � 0.5 � 104 9.2 � 0.9 � 10�4 50 � 10
Q-GSE12-HC 2.1 � 0.8 � 104 1.5 � 0.3 � 10�3 70 � 40
Q-G-LC 3.1 � 0.6 � 104 7 � 2 � 10�4 23 � 6
Q-G6-LC 3 � 1 � 104 1.1 � 0.2 � 10�3 32 � 9
Q-GSE12-LC 2.8 � 0.9 � 104 1.4 � 0.1 � 10�3 50 � 10
Q-G-Tetravalent 2.0 � 0.8 � 104 1.0 � 0.1 � 10�3 50 � 20
Q-G6-Tetravalent 1.3 � 0.5 � 104 1.0 � 0.1 � 10�3 80 � 20
Q-GSE12-Tetravalent 2 � 1 � 104 1.5 � 0.3 � 10�3 80 � 70
Q-GSE21-Tetravalent 4 � 2 � 104 1.9 � 0.8 � 10�3 50 � 20
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combination of these twomodalities makes this bispecific scaf-
fold attractive. In the literature, an anti-fungal peptide fusion
with a chicken-derived single-chain variable fragment made by
bacteria was previously shown to be functional for plant fungal
protection (40). The peptide-antibody format in this study is
with full antibody structures andproduced bymammalian cells,
therefore presenting a clear advantage. The data in this study
have demonstrated that post-translational modifications play
critical roles in generating a fully active biotherapeutic mole-
cule. Engineering an N-terminal pyroglutamate is essential in
preventing peptide degradation in the fusion protein, and
removing an unexpected O-linked glycan drastically enhances
binding affinity and neutralization potency. These findings on
protein biosynthesis may offer new insights and strategies for
protein engineering and process engineering.

For the past 2 decades,molecular selection technologies have
enabled identification of many novel therapeutic peptide can-
didates. These technologies utilize large, diverse collections of
nucleic acid molecules (DNA or RNA), which include phage
display (41), peptides on plasmid (42), ribosome display (43,
44), mRNA display (45, 46), and DNA display (47, 48). The
peptide-antibody format allows the generation of new lead
bispecificmolecules by partnering various therapeutic antibod-
ies with novel peptide hits identified through the recombinant
screening technologies. Also, different peptide fusions with
either heavy chain or light chain permit a multispecific target-
ing option. A unique feature of the peptide-antibody format is
that the peptide and antibodymodalities can be optimized sep-
arately for potency and affinity. Although a number of multi-
specific formats have been reported (i.e. tandem single-chain

FIGURE 4. Mass spectroscopic analysis revealed an unexpected O-linked glycosylation modification at threonine 5 of the anti-IL17A peptide.
A, TOF-MS deconvoluted spectra of Q-GSE21-LC and Q-GSE21-LC-T5A, as described under “Experimental Procedures.” B, MS/MS fragmentation of the anti-
IL17A trypsin generated peptide, after �-elimination and Michael addition with ethylamine, identified the site of O-linked glycosylation to be at position
threonine 5, as described under “Experimental Procedures.”
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variable fragment (49), diabodies (50), tandem diabodies (51),
two-in-one antibody (52), and dual variable domain antibodies
(53)), none of these formats have made use of a peptide modal-
ity. A recently reported bispecificCovXbody takes advantage of
chemically conjugated peptides (22), yet its antibody modality
is for half-life extension, not for therapeutic targeting. In addi-
tion, a peptide-antibody fusion is more antibody-like due to its
similar protein size. A genetic fusion format makes the man-
ufacturing process simple and low in cost. As a promising
solution to diseases driven by multiple mechanisms, this
peptide-antibody scaffold may provide a novel platform for
multispecific protein therapeutics.
One of the major findings in this study is that the data have

provided direct evidence for the impact of two distinct post-
translational modifications on the properties, quality, and effi-
cacy of therapeutic proteins. Both pyroglutamate andO-linked
glycans are a form of post-translational modification com-
monly found in the majority of protein-based biotherapeutics
(54). Pyroglutamate is frequently detected in the heavy chain
and/or light chain sequences beginning with glutamine in anti-
bodies (36, 37). Although it remains unclear whether or not
glutamine to pyroglutamate conversion in vivo is nonenzy-
matic, pyroglutamate formation has been proposed as a stabi-
lizationmechanism, because it is found resistant to amino pep-
tidases (23). Our data here clearly support this hypothesis.
Considering that the pyroglutamate conversion rate in mam-

malian cells is nearly 100% and that it does not affect binding
and efficacy, the N-terminal glutamine introduction can serve
well as a protein engineering strategy to prevent N-terminal
degradation.
O-Linked glycan modification is a less common form of gly-

cosylation modification than N-linked oligosaccharides (38,
54). There is no consensus sequence, and therefore it is not
readily predicted. The result of identifying an O-linked glycan
in a short 15-amino acid peptide is indeed surprising. More-
over, glycanmodification normally has positive impacts on pro-
tein properties (i.e. better folding and increased stability solu-
bility and half-life). In this study, an O-linked glycan had a
detrimental effect by inhibiting ligand binding and significantly
reducing the efficacy. Removing this O-linked modification
increased the affinity over 400-fold (Fig. 5B). The adverse
impact posed by O-linked sugars can be explained by the fact
that threonine 5 in the anti-IL17A peptide probably resides in
the interacting pocket with IL17A. The mode of action of this
neutralizing peptide against human IL-17A remains unknown
andmust wait for the crystal structures of peptide-IL17A com-
plex. One possible action mode might be through the interac-
tion between aromatic amino acids. A sizable O-linked glycan
can surely block the interaction between the peptide and the
ligand. It is noteworthy that the O-linked occupancy rate in
threonine 5 is more than 90%, indicating that the modification
is very efficient. Because the O-linked site is not predictable,

FIGURE 5. The removal of an unexpected O-linked glycosylation modification is crucial to retaining the full anti-IL17A activity of the peptide-antibody
scaffold. A, kinetic analysis with human IL17A. B, IL17A inhibition curves for the peptide-antibody fusion with either the original sequence (Q-GSE21-LC) or the
threonine mutation to alanine (Q-GSE21-LC-T5A). Data shown are from a single representative experiment.
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special attention needs to be paid to threonine and serine resi-
dues during the protein engineering process. Despite the pro-
gress in understanding the structure and function of post-
translational modifications in the context of biotherapeutic
proteins, the importance of any given modification can only be
truly assessed by direct experimentation.
In conclusion, we have generated a novel bispecific genetic

fusion between a peptide and an antibody that maintains high
affinity binding against two distinct and potentially synergistic
targets, IL17A and IL22. The study has revealed two post-trans-
lational modifications during protein biosynthesis in mamma-
lian cells that greatly impact the activity of the anti-IL17A pep-
tide in the fusion scaffold. As the first multispecific modality
utilizing both therapeutic peptides and antibodies in a single
molecule, the peptide-antibody genetic fusion could allow the
generation of new multispecific molecules by partnering vari-
ous therapeutic antibodies with novel peptide hits identified
through the recombinant screening technologies.
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