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Abstract
X-ray crystallographic analysis of a bovine antibody (BLV1H12) revealed a unique scaffold in its
ultralong heavy chain complementarity determining region 3 (CDR3H) region that folds into a
solvent exposed, antiparallel β-stranded “stalk” fused with a disulfide cross-linked “knob” domain.
This unusual variable region motif provides a novel approach for generating chimeric antibodies
with novel activities. Toward this end, human erythropoietin (hEPO) was substituted for the
“knob” domain in this antibody to afford an antibody-hEPO (Ab-hEPO) fusion protein that
efficiently expresses in mammalian cells. Ab-hEPO proliferated TF-1 cells with a potency
comparable to that of hEPO (EC50 ~ 0.03 nM) and exhibits a significantly extended plasma half-
life (>6 days) in mice relative to hEPO (~4 hours). Mice treated with the Ab-hEPO fusion protein
show sustained elevated hematocrit for more than two weeks. This work demonstrates the utility
of BLV1H12 CDR3 fusions as a novel approach for generating potent polypeptides with enhanced
pharmacological properties.

Introduction
The ability to incorporate biologically active proteins and peptides directly into the
hypervariable loops of antibodies may provide a general approach for modifying or
enhancing the pharmacological properties of various cytokines, growth factors, peptide
hormones and ion channel blockers. For example, the resulting fusion proteins are likely to
have increased serum half-lives due to their size and interaction with the neonatal Fc
receptors (FcRn). They may also express at higher levels in mammalian cells, be more easily
purified, or have enhanced solubility and proteolytic stability. Moreover, antibody chimeras
will have increased avidity due to the bivalent nature of the antibody molecule; additional
binding interactions between the antibody CDR loops and the target receptor may also lead
to increased potency or specificity. Finally, it may be possible to graft two or more distinct
proteins or peptides into the CDRs to afford fusion proteins with dual activities.

Recently, we identified a bovine antibody (BLV1H12) with an ultralong heavy chain CDR3
(CDR3H) region that facilitates engineering of such CDR fusions. The Xray crystal structure
revealed an unusual CDR3H region that folds as a disulfide-bonded “knob” domain fused to
a solvent accessible, antiparallel β-stranded “stalk” that protrudes from the antibody surface
(Figure 1).(1) Unlike conventional antibodies with CDR loops of 10–15 residues in length,
the novel architecture of this ultralong CDR3H provides an attractive platform for the
creation of antibody chimeras with novel pharmacological activities.(1–5) Indeed, we
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recently showed that bovine granulocyte colony-stimulating factor (bGCSF), when
substituted into this ultralong CDR3H region, exhibits enhanced serum half-life in mice.(6)

Erythropoietin (EPO), a cytokine mainly produced by kidney in adult, is a 34-kDa
glycoprotein which stimulates erythroid progenitor cell differentiation and maturation and
thus increases the erythrocyte population.(7, 8) Recombinant human EPO (hEPO) and its
mimetics have been used clinically to treat anemia associated with chronic kidney disease
and cancer chemotherapy.(8–12) However, their short circulating half-lives, which
necessitate frequent subcutaneous (s.c.) administrations, have led to the development of
second generation modified EPOs (e.g., darbepoetin alfa, methoxy polyethylene glycol-
epoetin, etc.) with improved serum half-lives.(9) To further explore the generality of the
BLV1H12 antibody scaffold as a platform for generating biologically active fusion proteins,
we asked whether grafting hEPO into the ultralong CDR3H region would afford an
antibody-hEPO chimera with high potency and long serum half-life. Here we show that
direct grafting of hEPO into the ultralong CDR3H region of this bovine antibody results in
an efficiently expressed fusion protein that stimulates TF-1 cell proliferation in a dose-
dependent manner. Remarkably, this antibody-hEPO fusion protein (Ab-hEPO) potently
stimulates erythropoiesis in mice and sustains high levels of hematocrit for more than two
weeks.

Results and Discussion
The folded, disulfide-bonded “knob” domain of the bovine antibody BLV1H12 is separated
from the immunoglobulin domain by a 20 Å solvent exposed, antiparallel β-stranded “stalk”
(Figure 1A). Thus, it is likely that fusion of the N- and C-termini of hEPO with the
corresponding β-stranded “stalk” will not interfere with folding of either the antibody or
hEPO. Moreover, because the receptor binding surface of EPO is on the opposite face of the
molecule to the chain termini, the fusion protein should still retain its erythropoietic activity.
To generate the Ab-hEPO fusion protein, a synthetic hEPO gene was ligated into the
ultralong CDR3H region of a chimeric BLV1H12 full-length IgG (Ab) with a human IgG1
Fc fragment through overlap PCR. The “knob” domain (Cys108-Tyr146) of the Ab was
replaced by the hEPO fragment with its N- and Ctermini fused to the ascending and
descending β-strands of the “stalk”, respectively, with GGGGS linkers (Figure 1B). We
reasoned that the flexible linkers may facilitate protein folding and promote favorable
interactions of the fused hEPO with its receptor.

The Ab, hEPO (with C-term HisTag) and Ab-hEPO fusion protein were subsequently
expressed in freestyle HEK293 cells by transient transfection. Proteins were secreted into
culture medium, followed by purification using protein G chromatography for Ab and Ab-
hEPO, and Ni-NTA chromatography for hEPO. The purified proteins were analyzed by
SDS-PAGE gel (Figure 1C). Under non-reducing conditions, Ab migrates as a single band
of ~160 kDa due to N-glycosylation in the Fc region; glycosylated hEPO migrates at 34
kDa; and Ab-hEPO migrates at ~200 kDa. In the presence of 50 mM dithiothreitol (DTT),
the light chains of Ab and Ab-hEPO migrate at 23 kDa; and the heavy chains of Ab and Ab-
hEPO migrate at 55 kDa and 80 kDa, respectively. Mass spectral analyses of the heavy
chains of Ab, Ab-hEPO and hEPO indicate that hEPO fused into the CDR3H region is
heterogeneously glycosylated, as is the case with hEPO (Figure S1–S3). After treatment
with peptide-N-glycosidase and DTT, mass spectral analysis of the heavy chains of Ab and
Ab-hEPO afford a mass difference of 15748 Da (Figure S4–S6), corresponding to two fused
hEPO molecules per IgG molecule. The final yields of the Ab and Ab-hEPO fusion protein
are similar, both around 17 mg/L, and both proteins can be concentrated to over 10 mg/mL
in PBS (pH 7.4) without aggregation. Gel filtration analyses indicate that Ab and Ab-hEPO
in PBS (pH 7.4) have apparent molecular weights of 160 kDa and 200 kDa, respectively, as
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expected, and that aggregation is less than 3% of the total amount of protein in both samples
on the basis of integrated UV absorbance peaks at 280 nm (Figure S7). The comparable
yields and solubilities of Ab and Ab-hEPO suggest that the fusion protein is folded
correctly.

We next examined the activity of Ab-hEPO using TF-1 cells that are growth-dependent on
hEPO.(13) Prior to treatment, cells were washed three times to remove residual GM-CSF
from the growth media, followed by treatment with various concentrations of Ab, hEPO and
Ab-hEPO for 72 hours. Cell viability in each well was quantified using an Alamar Blue
assay. Both hEPO and Ab-hEPO stimulate TF-1 cell proliferation in a dose-dependent
manner (Figure 2), whereas Ab by itself has no proliferative activity, indicating that the
observed activities of the Ab-hEPO fusion protein result from the fused hEPO. The EC50 is
0.032 ± 0.015 nM for hEPO and 0.026 ± 0.006 nM for Ab-hEPO, indicating that the fusion
protein has similar activity to hEPO in stimulating TF-1 cells proliferation. Notably, Ab-
hEPO is as potent as other modified EPOs in stimulating EPO-dependent cell growth on the
basis of a comparison with published results (EC50: 0.07 nM for hEPO-Fc fusion protein,
0.26 nM for darbepoetin alfa, and 0.07 nM for PEG-hEPO).(14–16)

To examine if fusion of hEPO into the novel CDR3H domain within the bovine antibody
increases its serum half-life, we carried out a pharmacokinetic (PK) study of hEPO and Ab-
hEPO in mice. Single doses of hEPO (0.18 mg/kg) and Ab-hEPO (1.5 mg/kg) in PBS (pH
7.4) were intravenously injected into CD1 mice (three per group). Plasma from each
injection group was collected at day 0 to day 14 and analyzed by ELISA using anti-human
IgG Fc and anti-hEPO antibodies. Compared with hEPO which was quickly cleared within
24 hours, Ab-hEPO remained above 20% of the maximal concentration even after 8 days
(Figure 3). The estimated half-lives are 3.6 hours for hEPO and 6.4 days for Ab-hEPO by
assuming a one-compartment model with first-order elimination. These PK results show that
fusion of EPO into the ultralong CDR3H region of BLV1H12 can significantly extend its
plasma half-life, which is much longer than those of other modified EPOs in rodents (half-
lives: 29 hours for hEPO-Fc fusion protein, 14 hours for darbepoetin alfa, and 23 hours for
PEG-hEPO) (15, 17), which is likely a result of the increased molecular size, FcRn-assisted
recycling, and resistance to proteolytic cleavage in the context of antibody framework. Thus,
this unique CDR3H motif has been used to extend the half-lives of both EPO and the 4-
helix-bundle protein GCSF, suggesting this may be a general strategy for generating long-
lived protein and peptide therapeutics.

We next examined if the increased plasma half-life of Ab-hEPO translates to extended
erythropoiesis stimulating activity in mice by measuring hematocrit levels at different time
points post subcutaneous dosing. Remarkably, mice treated with Ab-hEPO exhibit sustained
high levels of hematocrit for more than two weeks in comparison to hEPO (Figure 4). For
mice treated with two doses of Ab-hEPO (810 µg/kg) at day 0 and day 2, hematocrit levels
increased >15% at day 4 post-administration; at day 10 there was a >40% increase in
hematocrit levels. In comparison, for mice treated with hEPO protein, the hematocrit levels
increased by only 12% at day 4 and then decreased to normal levels within 6 days, which is
consistent with the short circulating half-life of hEPO. As controls, mice treated with PBS
and Ab showed no hematocrit increases.

In conclusion, we have demonstrated that by fusing hEPO into the ultralong CDR3H region
of BLV1H12, one can generate a long-lived Ab-hEPO fusion protein that has sustained
erythropoiesis stimulating activity in mice. Unlike the selection of antibodies with agonist
activity, which requires significant binding- and/or functional-based screening (18, 19), the
direct grafting of agonist polypeptides into the ultralong CDR3 region allows efficient
generation of functional chimeric fusions with enhanced pharmacokinetic properties.
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Ongoing studies include humanization of the Ab-hEPO scaffold and application of this
strategy to polypeptide hormones and ion channel blockers.

Methods
Cloning of BLV1H12 Full-length IgG, BLV1H12-hEPO Fusion Protein and hEPO

The mammalian expression vector for BLV1H12 full-length IgG heavy chain was generated
by in-frame ligation of the amplified BLV1H12 Fab heavy chain (VH and CH1) to the
pFuse-hIgG1-Fc backbone vector (InvivoGen, CA). The gene encoding hEPO was
synthesized by Genscript (NJ, USA), and amplified by polymerase chain reaction (PCR). To
optimize the folding and stability of the BLV1H12-hEPO (Ab-hEPO) fusion protein,
flexible GGGGS linker was added at each end of the hEPO gene fragment. The Ab-hEPO
fusion protein was then created by replacing the knob domain (Cys108–Tyr146) in CDR3H
region of BLV1H12 (Figure 1) with hEPO through overlap extension PCR. Genes encoding
antibody BLV1H12 light chain and hEPO with a C-terminal 6×His-tag were amplified and
cloned into the pFuse vector without the hIgG1 Fc fragment. The resulting mammalian
expression vectors were verified by DNA sequencing. Primers used for generating
expression vetors are listed in Table S1.

Expression and Purification of BLV1H12 IgG, BLV1H12-hEPO Fusion Protein and hEPO
BLV1H12 full-length IgG (Ab), Ab-hEPO and hEPO were expressed through transient
transfection of freestyle HEK293 cells growing in shaker flasks (125 rpm) with freestyle 293
expression medium (Life Technologies) at 37°C with 5% CO2. Culture medium containing
secreted proteins was harvested every 48 hours twice after transfection. Ab and Ab-hEPO
were purified by Protein A/G chromatography (Thermo Fisher Scientific, IL), while hEPO
was purified by Ni-NTA affinity chromatography. Briefly, collected supernatant was loaded
onto a Protein A/G or Ni-NTA column twice, which was pre-equilibrated in binding buffer
(PBS, pH 7.4 for Protein A/G column, and TBS (20 mM Tris-HCl, 136 mM NaCl, pH 7.4)
with 10 mM imidazole for Ni-NTA column). Columns were washed with 10 column
volumes of binding buffer, followed by 10 column volumes of washing buffer (PBS, pH7.4
for Protein A/G column, and TBS with 30 mM imidazole, pH 7.4 for Ni-NTA column).
Proteins bound to the columns were eluted with 100 mM glycine, pH 2.7, for Ab and Ab-
hEPO, or TBS with 400 mM imidazole, pH 7.4, for hEPO. Immediately after elution, Tris-
HCl (100 mM final concentration) was added to the Ab and Ab-hEPO to adjust pH to ~8.
Eluted proteins were then concentrated using Amicon centrifugal filters (Millipore) and
exchanged into PBS (pH 7.4). Purified proteins were analyzed by SDS-PAGE gels and mass
spectrometry.

In Vitro Proliferative Activity Assay on TF-1 Cells
Human TF-1 cells were cultured at 37°C with 5% CO2 in RPMI-1640 medium containing
10% fetal bovine serum (FBS), penicillin and streptomycin (50 U/mL), and 2 ng/ml human
granulocyte macrophage colony stimulating factor (GM-CSF). To test the proliferative
activity of Ab-hEPO, cells were washed three times with RPMI-1640 medium plus 10%
FBS, resuspended in RPMI-1640 medium with 10% FBS at a density of 1.5×105 cells/ml,
plated in 96-well plates (1.5×104 cells per well) with various concentrations of hEPO, Ab-
hEPO and Ab, and then incubated for 72 hours at 37°C with 5% CO2. Cells were then
treated with Alamar Blue (Invitrogen) for 4 hours at 37°C. Fluorescence intensity measured
at 595 nm is proportional to cell viability and plotted versus protein concentration. The EC50
values were determined by fitting data into a logistic sigmoidal function: y = A2 + (A1−A2)/
(1 + (x/x0)p), where A1 is the initial value, A2 is the final value, x0 is the inflection point of
the curve, and p is the power.
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Pharmacokinetics in Mice
hEPO (0.18 mg/kg) and Ab-hEPO (1.5 mg/kg) in PBS (pH 7.4) were administrated by
intravenous (i.v.) injection into three CD1 mice per group. Blood was collected from day 0
to day 14 and analyzed by ELISA using anti-human IgG Fc (Abcam) and anti-hEPO (R&D
systems) antibodies. Data were normalized by taking the maximal concentration at the first
time point (30 minutes). The percentage of maximal concentration was plotted versus time,
and the half-lives were determined by fitting data into the first-order equation, A=A0e−kt,
where A0 is the initial concentration, t is the time, and k is the first order rate constant.

Pharmacodynamics in Mice
Vehicle (PBS, pH 7.4), Ab (810 µg/kg), hEPO (90 µg/kg) and Ab-hEPO (810 µg/kg) were
administrated by subcutaneous (s.c.) injection into CD1 mice (three per group) at day 0 and
day 2. Blood was collected at different time points and the hematocrit levels were measured
by centrifugation in micro-hematocrit capillary tubes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Grafting of human erythropoietin (hEPO) onto the “stalk” region of bovine antibody
BLV1H12. (A) X-ray crystal structures of bovine antibody BLV1H12 Fab fragment (PDB
ID: 4K3D) and hEPO (PDB ID: 1EER). (B) Scheme for generation of antibody-hEPO
fusion protein. (C) SDS-PAGE gel of purified BLV1H12 full-length IgG (Ab), hEPO, and
Ab-hEPO.
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Figure 2.
Ab-hEPO fusion protein stimulates proliferation of TF-1 cells in a dose-dependent manner.
Cells cultured in RPMI-1640 medium with 10% FBS were treated with various
concentrations of hEPO, BLV1H12 full-length IgG (Ab), and Ab-hEPO. Cell viability was
quantified using an Alamar Blue (Invitrogen) assay.
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Figure 3.
Pharmacokinetics in mice. hEPO (0.18 mg/kg) and Ab-hEPO (1.5 mg/kg) in PBS (pH 7.4)
were administrated by intravenous (i.v.) injection into CD1 mice (three per group). Blood
was collected from day 0 to day 14 and analyzed by ELISA using antihuman IgG Fc and
anti-hEPO antibodies. Data were normalized by taking maximal concentration at the first
time point (30 minutes).
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Figure 4.
Pharmacodynamics in mice. Vehicle (PBS, pH 7.4), Ab (810 µg/kg), hEPO (90 µg/kg) and
Ab-hEPO (810 µg/kg) were subcutaneously administrated into CD1 mice (three per group)
on day 0 and day 2, followed by the measurements of hematocrit.
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