
Original Article
VEGFR-1/Flt-1 inhibition increases angiogenesis
and improves muscle function in a mouse
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Duchenne muscular dystrophy is characterized by structural
degeneration of muscle, which is exacerbated by localized func-
tional ischemia due to loss of nitric oxide synthase-induced vaso-
dilation. Treatment strategies aimed at increasing vascular
perfusion have been proposed. Toward this end, we have devel-
oped monoclonal antibodies (mAbs) that bind to the vascular
endothelial growth factor (VEGF) receptor VEGFR-1 (Flt-1)
and its soluble splice variant isoform (sFlt-1) leading to increased
levels of free VEGF and proangiogenic signaling. The lead
chimeric mAb, 21B3, had high affinity and specificity for both
human and mouse sFlt-1 and inhibited VEGF binding to sFlt-1
in a competitive manner. Proof-of-concept studies in the mdx
mouse model of Duchenne muscular dystrophy showed that
intravenous administration of 21B3 led to elevated VEGF levels,
increased vascularization and blood flow to muscles, and
decreased fibrosis after 6–12 weeks of treatment. Greater muscle
strength was also observed after 4 weeks of treatment. A human-
ized formof themAb, 27H6,was engineered anddemonstrated a
comparable pharmacologic effect. Overall, administration of
anti-Flt-1 mAbs in mdx mice inhibited the VEGF:Flt-1 interac-
tion, promoted angiogenesis, and improved muscle function.
These studies suggest a potential therapeutic benefit of Flt-1 in-
hibition for patients with Duchenne muscular dystrophy.

INTRODUCTION
Duchenne muscular dystrophy (DMD) is an X-linked genetic disor-
der, primarily affecting males, that is characterized by progressive
muscle degeneration and weakness.1 Patients are usually diagnosed
early in childhood and have a life expectancy of up to 20–30 years.
DMD results frommutations in theDMD gene,1 which codes for dys-
trophin, a membrane-associated structural protein that functions
within the dystrophin-associated protein complex to stabilize sarco-
lemma andmaintain normal interactions with the local microvascula-
ture.2 The mutations lead to dysfunctional myofibers and subsequent
muscle damage, followed by reduced ambulation and as the dia-
phragm muscle degenerates, loss of ventilation.
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The dystrophin-associated protein complex includes neuronal nitric
oxide synthase, a key enzyme in the production of the vasodilation
signaling molecule, nitric oxide.3 Lack of nitric oxide results in
decreased blood flow in the microvasculature, subsequent functional
ischemia, and eventual myofiber necrosis and fibrosis.4 It has been hy-
pothesized that increased muscle perfusion, for example, through the
use of vasoactive agents or by an increase in vascular density, could
improve muscle function.5–7

Vascular endothelial growth factor (VEGF) is a signaling protein that
induces angiogenesis by binding to tyrosine kinase receptors such as
Flt-1 (also known as VEGFR-1) and VEGFR-2 on the surface of endo-
thelial cells.8 There is evidence that modulation of VEGF signaling is a
potential therapeutic option in DMD,9,10 as seen in a number of an-
imal models in which increased VEGF levels were associated with
angiogenesis and reduced muscle injury.11 However, efficacy appears
to be limited following administration of VEGF alone,12 and toxicities
such as vascular leak and disorganized angiogenesis have
been observed following VEGF administration.13,14 Additionally,
in vivo studies have shown that exogenous VEGF has a short
half-life (t1/2) of approximately 30 min, in part, due to its binding
to Flt-1.15

Flt-1 is considered to be a negative regulator of angiogenesis because
it binds VEGF with higher affinity than VEGFR-2 but has lower ki-
nase activity and thus acts as a VEGF “sink.” In addition, Flt-1 is ex-
pressed as both a membrane-bound receptor in tissues and as an
alternatively spliced soluble protein lacking the transmembrane
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domain in blood (sFlt-1).16 sFlt-1, but not membrane-bound Flt-1, is
selectively expressed in hypoxia17 and pre-eclampsia,18 suggesting
that it plays a prominent role in the regulation of VEGF-induced
angiogenesis. Therapeutics that inhibit Flt-1 may be efficacious in
promoting angiogenesis and restoring oxygenation to damaged mus-
cles in patients with DMD.5 Indeed, loss of Flt-1 has been shown to
improve angiogenesis and ameliorate muscle weakness in mdx
mice, which lack dystrophin and are widely used as a model of
DMD.19,20 Although the DMD phenotype in mdx mice is less severe
than in humans, the mice show muscle degeneration, decreased
vasculature, extensive fibrosis, and other key characteristics of the
disease.21

To evaluate the potential of Flt-1 antagonism as a therapeutic strategy
in DMD, we used phage display techniques to develop a monoclonal
antibody (mAb) directed against Flt-1 and engineered it to enhance
its affinity, specificity, and potency. The mAb, designated 21B3, in-
hibited Flt-1, decreased levels of free sFlt-1, increased levels of free
VEGF in serum, and improved muscle function inmdxmice through
an increase in vascularization and perfusion. Our findings support the
link between Flt-1 antagonism and muscle perfusion and function
and indicate that inhibition of Flt-1 may provide potential therapeutic
benefits to patients with DMD.

RESULTS
Discovery and characterization of lead mAb 21B3

To obtain antibodies that target Flt-1, phage libraries comprising the
conventional antibodies (i.e., consisting of heavy and light chains)
derived from llamas immunized with a human sFlt-1 construct
were initially screened for binding to sFlt-1.22 In addition to conven-
tional antibodies, camelids also produce functional Abs that lack light
chains, thus providing numerous advantages in therapeutic mAb
development.23,24 Antigen-binding fragments (Fabs) of interest
were engineered as chimeric llama-human immunoglobulin Gs
(IgGs) composed of llama variable heavy (VH)-chain/variable light
(VL)-chain and human constant regions.25 The selected Fabs were
screened for binding affinity with both human and mouse sFlt-1
orthologs, potency in inhibiting VEGF binding, selectivity for sFlt-1
compared with VEGFR-2 and VEGFR-3 (Table S1), and cross-species
reactivity (Figure S1). Chain shuffling was performed on an early lead
candidate to obtain variants with higher affinity for sFlt-1. One result-
ing variant with improved affinity for sFlt-1, mAb 21B3, was refor-
matted to a human IgG1 Fc backbone (27H6) and further evaluated.
21B3 was also engineered to a construct with a mouse IgG1 Fc back-
bone for use in proof-of-concept studies in mdx mice.

To characterize our leadmAb, we first employed surface plasmon reso-
nance-based binding assays that measured the interaction of 21B3 with
immobilized recombinant human and murine sFlt-1. 21B3 exhibited
equivalently high affinity for both mouse sFlt-1 and human sFlt-1
(KDobs 1.4 � 10�10 M versus 0.7 � 10�10 M, respectively; Figures 1A
and 1B). Competition enzyme-linked immunosorbent assay (ELISA)
experiments over a range of 169 pg/mL to 10 mg/mL 21B3 further re-
vealed that the 21B3 interaction prevented the binding of VEGF to
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sFlt-1 in a dose-dependent manner, with comparable half-maximal
inhibitory concentration (IC50) values of 5.6 ng/mL (1.24 � 10�10 M)
and 7.4 ng/mL (1.64� 10�10 M) for the mouse and human orthologs,
respectively (Figures 1Cand1D).The functional consequence of sFlt-1-
mediated VEGF sequestration was assessed in cell culture experiments.
As expected, activation of VEGFR-2 byVEGF in human umbilical vein
endothelial cells (HUVECs; which express the Flt-1 receptor), as indi-
cated by VEGFR-2 phosphorylation, was minimal in the presence of
sFlt-1, owing to high-affinity binding of VEGF to sFlt-1. However,
the addition of 21B3 inhibited bothmouse andhuman sFlt-1 sequestra-
tion of VEGF and consequently rescued VEGFR-2 phosphorylation to
85% of maximum (p < 0.0001 for both compared with sFlt-1 alone by
two-way ANOVA; Figure 1E).

In addition to evaluating the binding activity of 21B3, hydrogen-
deuterium exchange mass spectrometry was used to identify the
binding epitope of sFlt-1. Two peptide sequences that exhibited sig-
nificant inhibition of deuterium exchange upon 21B3 binding were
mapped to the Flt-1 domain 2 (D2), a region of Flt-1 known to be
critical for VEGF binding (Figure 1F), demonstrating that bound
mAb directly competes with VEGF for binding to sFlt-1. Given
that these interactions are spatially distant from the membrane-
spanning residues of full-length VEGFR-1/Flt-1, such competitive
binding is expected to apply to the membrane-anchored Flt-1 iso-
form as well.26

Pharmacokinetics and pharmacodynamics of anti-Flt-1 mAb

(21B3) in mice

The pharmacokinetic profile of 21B3 was investigated following a
single 10-mg/kg intravenous (i.v.) bolus dose of [125I]-21B3 in
CD-1 mice. An additional study using non-radioactive 21B3 was
also completed, with similar results (data not shown). A target-
mediated disposition profile was observed in serum (Figure S2),
with a terminal elimination t1/2 of 34 h (Table 1). 21B3 was detected
in diaphragm and tibialis anterior muscle up to 14 days after admin-
istration, with higher exposure in the diaphragm compared with the
tibialis anterior.

To corroborate the in vitro findings on the antagonistic effects of
21B3 and to evaluate the durability of the effects, mdx mice were in-
jected with 1, 3, or 10 mg/kg i.v. bolus 21B3 twice weekly for up to
12 weeks. Prior exploratory studies have shown the highest efficacy
with twice-weekly dosing (data not shown). 21B3 levels increased in
a dose- and time-dependent manner over the first 7 weeks and were
sustained for the remaining 5 weeks (Figure 2A). A dose-dependent
decrease in free sFlt-1 levels was observed compared with control,
likely as a result of binding with 21B3. The decrease was significant
at 2 weeks for the 10-mg/kg dose (p < 0.0001, 2-way ANOVA; Fig-
ure 2B); by 4 weeks, the extent of decrease was similar for all three
doses (p < 0.05 at least for all). As expected, the reduction in free
sFlt-1 was associated with a significant increase in free serum
VEGF versus control (p < 0.0001 for the 10-mg/kg dose at 2 weeks,
and p < 0.0001 for the 3- and 10-mg/kg doses at 6 weeks, 2-way
ANOVA; Figure 2C).
021



Figure 1. Characterization of 21B3

(A and B) Representative curves from the Biacore affinity

analysis of 21B3 binding to (A) mouse or (B) human Flt-1.

The observed response for the kinetic titration series is

shown in red, and the fit to a 1:1 interactionmodel is shown

in black. (C and D) Competition ELISA of VEGF binding to

(C) mouse (n = 2 representative images) or (D) human sFlt-

1 (n = 3) in the presence of increasing concentrations of

21B3. Data are presented as mean and standard devia-

tion. (E) Inhibition of VEGFR-2 phosphorylation by mouse

and human sFlt-1 in HUVECs. The VEGF bar represents

100% of the phospho-VEGFR2 signal. The data thus

represent a percent of the signal seenwith VEGF alone; for

example, the addition of sFlt-1 inhibited the signal to�25%

compared with VEGF alone. Phosphorylation increased

with the addition of 10-foldmolar excess mouse 21B3 and

4-fold excess human 21B3 comparedwith sFlt-1 (n = 3–6;

data represent mean and standard deviation). ****p <

0.0001 by ordinary ANOVA with multiple comparisons. (F)

Ribbon model of the sFlt-1:VEGF complex (PDB 5T89)

highlighting the 21B3 epitope. sFlt-1 is shown in blue and

cyan for each member of the complex dimer, and the

VEGF dimer is shown as dark and light green. The two

peptides in sFlt-1 domain 2 that were shown to interact

with 21B3 using hydrogen-deuterium exchange are de-

picted in magenta. RU, response unit.
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Effect of anti-Flt-1mAb (21B3) on capillary density and fibrosis in

mdx mice

The impact of 21B3-mediated Flt-1 inhibition on capillary density in
diaphragm and tibialis anterior muscle was assessed in mdx mice
administered 21B3 twice weekly for 6 or 12 weeks. A dose-dependent
increase in CD31 positivity, a marker of endothelial cells, was
observed in both diaphragm and tibialis anterior muscle after 6 and
12 weeks of 21B3 treatment (Figures 3A and 3B); the increases
were statistically significant with higher doses of 21B3 (p < 0.05 or
better versus control, 2-way ANOVA).

The extent of fibrosis was measured as an indicator of muscle health
following treatment with 21B3. There were no changes in levels of
collagen type 1 (Col-1), a marker of fibrosis, in the diaphragm
compared with control after 6 weeks of 21B3 administration; how-
ever, Col-1 levels decreased significantly after 12 weeks at all three
dose levels (p < 0.0005 or better, 2-way ANOVA; Figure 3C). There
were no significant changes in Col-1 levels in the tibialis anterior at
any of the dose levels after 6 or 12 weeks, although a slight decrease
Molecular Therapy: Methods &
was seen at 12 weeks in the 3-mg/kg and 10-
mg/kg groups (Figure 3D).

Effect of anti-Flt-1mAb (21B3) on blood flow

and muscle strength in mdx mice

Functional studies were conducted in mdxmice
administered 20 mg/kg 21B3 twice weekly for
4 weeks. To determine if the increase in capillary
density was associated with increased blood
vessel function, we examined changes in blood flow, red blood cell
(RBC) flux, and the rate of blood flow (as indicated by blood volume)
in the hind legs. Compared with control mice, there was a significant
increase in RBC flux and blood volume in mice that received 21B3
(p < 0.05, 2-way ANOVA; Figures 4A–4D), indicating the presence
of functional blood vessels.

To evaluate whether the increased blood flow induced by 21B3
translated to improvement in muscle strength in mdx mice, grip
strength and strength of muscle contraction were assessed. Contrac-
tion strength of the anterior crural muscles was greater in mice
administered 21B3 compared with controls (p < 0.05, 2-way
ANOVA; Figure 4E). Similarly, initial grip strength was greater in
mice administered 21B3 than in controls (p < 0.0001, 2-way
ANOVA; Figure 4F).

In addition, fiber diameters and centrally nucleated fibers were
measured in both tibialis anterior muscle and diaphragm. The num-
ber of centrally located nuclei was significantly reduced in mice
Clinical Development Vol. 21 June 2021 371
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Table 1. Pharmacokinetic characteristics of [125I]-21B3 in serum and in

diaphragm and tibialis anterior muscle of mice following a single 10-mg/kg

i.v. bolus dose

Tissue
AUClast, mg $
h/g

AUCinf, mg $
h/g

Cmax,
mg/g tmax, h t1/2, h

Serum 11,900 11,900 222 8 34.4

Diaphragm 1,180 1,180 9.7 8 41.5

Tibialis anterior 446 448 3.12 8 44.8

Values for pharmacokinetic parameters represent measurement of test article-derived
radioactivity. Mean values are shown (n = 13 mice). AUClast, area under the curve
from time 0 to the last measurable concentration; AUCinf, area under the curve from
time 0 to infinity; Cmax, maximum concentration; tmax, time whenmaximum concentra-
tion occurred; t1/2, half-life.
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treated with 21B3 compared with controls in both muscles, indicating
increased fiber stability (Figure S4).

Development and characterization of humanized anti-Flt-1mAb,

27H6

Following the promising effects of 21B3 observed inmdxmice, mod-
ifications were made to engineer a lead humanized mAb intended for
evaluation as a clinical candidate. Eleven amino acid changes were
made in the VH and VL framework to humanize 21B3 from llama,
five residues were modified in the VH/VL complementarity-deter-
mining region (CDR) regions to address potential sequence liabilities
(including a potential aspartate isomerization site within the light
chain CDR3), and two changes were made in the Fc region of the hu-
man IgG1 backbone to reduce effector function (L242A and L243A
sequence mutations in the CH2 domain).27

The resulting humanized construct, 27H6, was characterized and
compared with 21B3. The affinity of 27H6 for human and mouse
sFlt-1 (dissociation constant [KD] 0.72 � 10�10 M and 1.06 �
10�10 M, respectively; Figure 5A) was minimally affected by the mu-
tations, and the IC50 for inhibition of VEGF binding (5.5 ng/mL
[1.22 � 10�10 M]) was similar to that of 21B3. VEGFR-2 phosphor-
ylation in HUVECs was rescued to 68% and 89% of maximum
following the addition of 2 times and 4 times molar excess of
27H6, respectively (Figure 5B). In addition, Biacore studies showed
that binding to Fcg receptors required for effector function was
severely attenuated (data not shown). Binding of 27H6 was compa-
rable between cell lines overexpressing mouse, rat, cynomolgus
monkey, and human Flt-1; 50% effective concentration (EC50)
values for each species were similar, indicating suitability for further
studies in these species (see Figure S1).

mdxmice were administered 1, 3, or 10 mg/kg 27H6 i.v. twice weekly
to assess exposure and pharmacodynamic effect. At high doses, 27H6
levels reached steady state by 6 weeks (Figure 6A). Compared with
controls, free sFlt-1 levels in serum decreased in a dose- and time-
dependent manner (p < 0.05 or better, 2-way ANOVA; Figure 6B),
and there was a sustained increase in free VEGF levels (p < 0.05 or
better, 2-way ANOVA; Figure 6C). Interestingly, the inhibition of
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sFlt-1 occurred at much lower levels of 27H6 (IC50 = 0.2377 nM)
than the observed EC50 for elevation of free VEGF (EC50 =
24.17 nM), suggesting that a significant proportion of VEGF
continued to be retained by membrane-bound Flt-1/VEGFR-1,
even when the majority of sFlt-1 was bound by the mAb (Figure 6D).

The pharmacokinetic profile of 27H6 was evaluated in mice, rats, and
monkeys. Volume of distribution at steady state indicated that tissue
distribution was primarily limited to the central compartment (i.e.,
blood and highly perfused organs; Table 2). Non-linear kinetics
were observed in all three species because high doses were associated
with lower clearance and, correspondingly, longer t1/2 (see Figure S3),
likely due to the target-mediated disposition phenomenon.

DISCUSSION
The current standard of care in DMD is treatment with corticoste-
roids along with supportive care and targeted therapeutic treatment
for specific patient subpopulations.28 Recently approved and in-
development gene-based therapies targeting DMD are limited to
the small proportion of patients with specific mutations and primar-
ily focus on increasing levels of dystrophin in muscle fibers.29,30

While some increase in muscle strength is seen with these types of
therapy, they do not adequately address the loss of functional sym-
patholysis associated with dystrophin deficiency, which leads to sus-
tained vasoconstriction, ischemia, and muscle degeneration.4,31

Instead, studies have suggested that improving angiogenesis may
be an effective approach,5,7 We hypothesized that by modulating
VEGF signaling through targeting of Flt-1 and promoting angiogen-
esis at the initial signaling step of VEGF binding, subsequent events
in DMD pathophysiology can be diminished without the overt tox-
icities encountered with VEGF supplementation therapy. Indeed,
increased vascularization and muscle strength have been observed
in mdx mice to correlate with both developmental and conditional
Flt-1 deficiency.19,20

Small interfering RNA (siRNA) technology has been shown to be
effective in reducing the expression of sFlt-1 in animals.32 However,
the findings were limited by rapid oligonucleotide clearance, and
lack of target specificity is a major limitation for siRNA-based thera-
peutics.33 In addition, commercially available mouse antibodies were
found to have low affinity for sFlt-1.20 As an alternative, we used a
phage display approach to identify an anti-Flt-1 mAb with longer
exposure and engineered it for high target specificity and affinity.
Furthermore, we formatted the Fc regions of the mAbs for use in
different species during development.

Data from in vitro and in vivo studies together supported the pro-
posed mechanism of action of the anti-Flt-1 mAbs. As expected,
the mAbs competed with VEGF for binding to Flt-1 and prevented
the sequestration of free VEGF by the Flt-1 sink. Subsequently, free
VEGF levels became elevated and available for binding to VEGFR-2
to initiate angiogenic signaling, as indicated by increased phosphory-
lation. Another possibility is that increased levels of free VEGF pro-
tein had a feed-forward effect on VEGF transcription through
021



Figure 2. Serum analysis ofmdxmice treated with 21B3 twice weekly for up

to 12 weeks

(A–C) Serum levels of (A) 21B3, (B) free sFlt-1, and (C) free VEGF inmdxmice. Data

from two studies were combined for the analysis; in one study, mice were treated for

up to 6 weeks, and in the other study, mice were treated for up to 12 weeks. In each

study, mice were treated with 1, 3, or 10 mg/kg 21B3 (n = 15 each group) or isotype

control (n = 10) twice weekly. Samples at 2, 4, 7, and 10 weeks were collected

before dosing. Data are presented as mean and standard deviation. *p < 0.05, **p <

0.005, ***p < 0.0005, ****p < 0.0001 by mixed-effects ANOVA.
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VEGFR-2.34 It is unlikely that the increase in free VEGF results from
the displacement of VEGF from Flt-1, as VEGF has an extremely high
affinity for Flt-1.5,35 Studies in mdx mice further demonstrated proof
of concept in that treatment with mAbs increased free VEGF levels,
capillary density, muscle perfusion, and strength and also reduced
fibrosis. Given that VEGF plays a central role in both angiogenesis
and myogenesis,5,36 the activation of VEGFR-2 by VEGF in muscle
tissue likely induced a myogenic response in addition to an angio-
genic response. The increased capillary density observed following
the administration of 21B3 mAb may also be functioning to increase
the stem cell pool by creating more stem cell niches.37 Further studies
in mice to measure mRNA and protein expression in skeletal muscle
along with markers of VEGFR-2 signaling would confirm the impor-
tance of muscle regeneration as well as angiogenesis in the functional
improvements and decreased fibrosis observed.

Levels of free sFlt-1 decreased significantly with mAb treatment
compared with isotype; however, we noted that free sFlt-1 levels
also decreased in isotype-treatedmdxmice, which could be attributed
to aging of the animals, as suggested by observations in human neo-
nates.38,39 Studies with the humanized form of the mAb, designated
27H6, suggest comparable pharmacologic characteristics with 21B3,
including affinity and inhibitory activity, reduction in free sFlt-1
levels, and increase in free VEGF levels.

Exposure of 21B3 and 27H6 increased with dose in mice, rats, and
monkeys in a greater-than-dose-proportional manner, and both
mAbs displayed a non-linear clearance profile. Non-linearity is
commonly observed for mAbs and in this case likely stemmed from
target-mediated clearance. At the highest dose, mAb clearance accel-
erated when levels dropped below 100 mg/mL in monkeys and
�10 mg/mL in rodents, consistent with the target-mediated clearance
profile of a mAb directed against epidermal growth factor receptor.40

At these high doses, binding of Flt-1, which is ubiquitously expressed
in endothelial cells,41,42 was at capacity and resulted in higher levels of
free Abs and longer serum t1/2. At lower doses, the shorter t1/2 can be
attributed to internalization of mAb complexes with both sFlt-1 and
membrane-bound Flt-1. Interestingly, the serum t1/2 of both 21B3
(�35 h) and 27H6 (�70 h) was unusually short compared with the
typical t1/2 for IgG mAbs in humans (2–3 weeks)43 and monkeys
(6.5 days),44 even with the higher doses; this could be attributed to
extensive binding to membrane Flt-1, as indicated by our studies in
cell lines overexpressing Flt-1. Consequently, the presence of a
competing target could potentially exhaust the pool of mAbs, leaving
enough uninhibited sFlt-1 to act as a VEGF sink. Despite this
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 373
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Figure 3. Histological analysis of angiogenesis and muscle pathology in diaphragm and tibialis anterior muscle of mdx mice after administration of 21B3

(A–D) Staining for CD31 in (A) diaphragm and (B) tibialis anterior muscle and for Col-1 in (C) diaphragm and (D) tibialis anterior muscle ofmdxmice treated with control and 1, 3,

and 10 mg/kg 21B3 twice weekly for 6 and 12 weeks (n = 9 or more mice per dose group and time point). Bars represent mean and standard deviation. ***p < 0.0005,

****p < 0.0001 by ordinary ANOVA with multiple comparisons.
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additional interaction and the higher affinity of VEGF for sFlt-1
(30 pM) compared with the affinity of mAbs (70 pM), our studies
show that sFlt-1 is effectively neutralized, and free VEGF levels are
elevated at the doses tested. Furthermore, whereas sFlt-1 is known
to be a key negative regulator of VEGF-mediated angiogenesis, inac-
tivation of membrane-bound Flt-1 also could have contributed to the
pharmacodynamic effects observed in vivo. Understanding of the role
of membrane-bound Flt-1 and the quantitative relationship among
374 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
sFlt-1, membrane-bound Flt-1 expression, and mAb exposure across
species will be important for predicting the mAb pharmacokinetic
profile and dosing strategy during translation to clinical studies.

Modulation of Flt-1 increased vascularization and subsequently
improved muscle function in mdx mice and thus has the potential
for therapeutic benefit in DMD. However, caution should be taken
in extrapolating the effects of vascularization in mice to the human
021



Figure 4. Muscle perfusion and contractile function

in mdx mice treated with 21B3

(A) RBC flux increased in tibialis anterior muscle of mdx

mice administered 20mg/kg 21B3 or control twice weekly

for 4 weeks compared with controls (n = 7 mice per dose

group). (B) Blood volume, which indicates the rate of blood

flow, in the blood vessels of control (n = 13) and 21B3-

treated (n = 7) mice, as determined using microbubble

angiography. (C and D) Representative image of micro-

bubble angiography-mediated ultrasonography of the

femoral artery in thigh muscle of an mdx mouse after in-

jection of microbubbles. (E) Contraction strength, as

measured by relative torque, in tibialis anterior muscle of

control (n = 10) and 21B3-treated mice (n = 8). (F) Grip

strength in control (n = 9) and 21B3-treated mice (n = 8);

results from the first set of tests are shown. Data represent

mean and standard deviation. AU, arbitrary units; mN,

millinewtons; PE, peak enhancement. *p < 0.05, ****p <

0.0001 using t tests.
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response. For instance, differences such as the higher capillary density
in rodents compared with humans,45,46 differential VEGFR expres-
sion,47 and molecular and histological differences between human
and murine musculature may impact response to treatment.48

One of the hallmarks of DMD is fibrosis throughout the muscle,
which progresses as a result of repeated cycles of muscle degenera-
tion/impaired regeneration accompanied by inflammation.49

Increased vascularization is expected to attenuate fibrosis, at least in
part, by reducing the hypoxic environment initiated by nitric oxide
synthase deficiency. In our studies, increasing vasculature with
21B3 treatment decreased fibrosis to a significant extent in the dia-
phragm but not in the tibialis anterior. This was not surprising, as
there was an approximately three-fold lower level of baseline fibrosis
in the tibialis anterior muscle compared with the diaphragm; thus, a
significant response would be difficult to detect. Indeed, mdx mice
present lower levels of fibrosis at 3 weeks old; however, differences
could be expected in mouse models with a more severe phenotype
in the tibialis anterior such as mdx5cv mice.50,51 In addition, muscle
ischemia has been shown to be potentiated in mdx mice following
exposure to light exercise,52 and this could be rescued using nitric ox-
ide donors, phosphodiesterase-5 inhibitors, or neuronal nitric oxide
synthase gene therapy;5,53–55 thus, it may be of interest to examine
whether the impact of 21B3 on fibrosis and muscle function is
more pronounced under these conditions.
Molecular Therapy: Methods &
Our in vivo studies of mAb antagonists against
Flt-1 indicate that this is a promising strategy
for the treatment of DMD. Improvement in
muscle function, particularly in the diaphragm,
could not only extend life expectancy but also
prevent or delay ambulation loss, thereby
enhancing patients’ quality of life. However,
this approach does not address the underlying
cause of the disease, and continuous treatment
would be necessary. Thus, further investigation of the effects of
long-term modulation of VEGF through this mechanism is needed.
Exploratory toxicology studies of a single 3- to 60-mg/kg dose in
rats showed a dose-dependent decrease in blood pressure and
increase in heart rate, as well as increased cardiac contractility and
decreased cardiac relaxation with elevated VEGF levels over 24 h.
However, compensation with steady-state elevated VEGF levels re-
mains to be investigated.

An anti-Flt-1 approach could also be used synergistically with other
therapeutic approaches to treating DMD. For example, modulation
of tissue permeability via VEGF has been shown to improve adeno-
associated viral vector efficiency in skeletal and cardiac muscle.56

Thus, anti-Flt-1 therapy can potentially be used as an adjuvant ther-
apy along with gene therapy for DMD. Anti-myostatin agents that
were under development increased muscle cross-sectional area but
did not provide functional improvements,57,58 possibly due to
continued ischemia. A combination of anti-Flt1 mAb and anti-myo-
statin mAb may therefore be beneficial. Increased vascularization
may also have potential benefit in other conditions that have an
ischemic underpinning due to loss of vasculature. For example,
maternal levels of placental-derived sFlt-1 are elevated in pre-
eclampsia and may play a role in the development of bronchopulmo-
nary dysplasia in pre-term infants. In rat models of pre-eclampsia and
chorioamnionitis, treatment with an anti-Flt-1 mAb improved infant
Clinical Development Vol. 21 June 2021 375
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Figure 5. Characterization of humanized 27H6

(A) Representative curves from the Biacore affinity analysis of 27H6 binding to

mouse or human sFlt-1. The red curved line shows the observed response; the

black curved line shows the fitted response to the kinetic titration series based on a

1:1 stoichiometric interaction. (B) VEGFR-2 phosphorylation in the presence of
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lung structure and function, including increased vascular density and
alveolarization, and prolonged neonatal survival.59

In conclusion, treatment with mAb antagonists of Flt-1 effectively
promoted angiogenesis and improved muscle pathology and in vivo
muscle function in a mouse model of DMD. Further exploration of
this mechanism of action for the treatment of DMD and other condi-
tions associated with high Flt-1 levels is warranted.

MATERIALS AND METHODS
mAb discovery

Abs were developed as previously described.22 Briefly, llamas were
immunized with recombinant human sFlt-1 (Abcam, Cambridge,
MA, USA). The VH and VL regions of llama conventional Abs
were amplified, and the Fabs were cloned into phage vectors to
generate a phage display library. Following one round of phage selec-
tion on human sFlt-1 and subsequently two rounds on mouse sFlt-1,
human-mouse cross-reactive Fabs were produced in periplasmic frac-
tions of Escherichia coli infected with phage particles. Chain shuffling
was used to find natural variants with higher affinity for the target.
The VH regions of the lead candidates were shuffled back into the
VL library, and the clone with the highest affinity was chosen during
affinity selections combined with off-rate washes. Abs were expressed
in Chinese hamster ovary cells (Sigma-Aldrich, St. Louis, MO, USA)
and purified as described in Supplemental materials and methods, 1.

Surface plasmon resonance binding assay for sFlt-1 Ab binding

To identify a mAb that could be evaluated in both pre-clinical animal
studies and in clinical trials, a surface plasmon resonance-binding
assay with single cycle kinetics (Biacore; GE Healthcare Life Sciences,
Marlborough, MA, USA) was used for measuring binding affinity of
mAbs to human and mouse sFlt-1. Recombinant mouse sFlt-1 (R&D
Systems, Minneapolis, MN, USA) or human sFlt-1 (Abcam) were im-
mobilized to a CM5 series S sensor chip (GE Healthcare Life Sci-
ences). Five mAb concentrations ranging from 0 to 5.0 nM were
analyzed for each sample. For each dilution, a 5-min association
step was followed by a 40-min dissociation step in mobile phase
buffer. The chip surface was regenerated using glycine (pH 2.0) buffer
at 60 mL/min with 30 s stability.

Measurement of anti-sFlt-1 mAbs, free sFlt-1, and free VEGF

Anti-Flt-1 Fab levels were measured using a standard ELISA assay.
Plates were coated with 1 mg/mL mouse Flt-1 (human Fc; R&D Sys-
tems) or human sFlt-1 (Abcam). After blocking, anti-Flt-1 Fabs from
screening selections were added to the plate for 1 h. Fabs were de-
tected using a rabbit anti-c-Myc horseradish peroxidase (HRP)-con-
jugated Ab (Bethyl, Montgomery, TX, USA). After 1 h, the plate was
developed with tetramethylbenzidine substrate, stopped with 0.5 M
human sFlt-1 and 27H6 in HUVECs (n = 2 representative data shown as mean and

standard deviation). The VEGF bar represents 100% of the phospho-VEGFR2

signal. The data represent a percent of the signal seen with VEGF alone. ***p <

0.0005, ****p < 0.0001 by ordinary one-way ANOVA.
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Figure 6. Serum analysis of mdx mice treated with

humanized 27H6 for 16 weeks

(A) Serum levels of 27H6 increased in a dose- and time-

dependent manner (n = 8 for each dose group at each

time point). Data represent mean and standard deviation.

(B) Free sFlt-1 levels significantly decreased in the pres-

ence of 27H6 compared with controls (p < 0.0001). (C)

VEGF levels increased significantly compared with con-

trols. (D) Relationship between 27H6 concentrations and

change in levels of free sFlt-1 and free VEGF in serum of

mdxmice treated i.v. with 1, 3, and 10 mg/kg 27H6 twice

weekly for 6 weeks (n = 8 for each dose group). Per-

centage increase/decrease represents change compared

with levels before treatment. Circles represent change in

sFlt-1 levels; squares represent change in VEGF levels.

Each point represents an individual mouse. *p < 0.05,

**p < 0.005, ***p < 0.0005, ****p < 0.0001 by ANOVA with

mixed effects.
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H2SO4, and read at 450 nm (SpectraMax; Molecular Devices, San
Jose, CA, USA).

Anti-Flt-1 mAb levels were measured using a standard ELISA assay
(Meso Scale Discovery [MSD], Rockville, MD, USA). Plates were
coated with 2 mg/mL mouse or human sFlt-1 protein. After blocking,
anti-Flt-1 full IgG Abs (21B3 and humanized 27H6) or serum sam-
ples from animal studies were added to the plate for 1 h, followed
by the addition of 1 mg/mL goat anti-mouse IgG SULFO-TAG Ab
(MSD). After 1 h, the plate was developed with MSD Read Buffer
(MSD) and read on an MSD Imager 2400 (MSD).

To detect free sFlt-1, ELISA assays were run as described above using
plates coated with 2 mg/mL anti-sFlt-1 full IgG lead Ab candidates.
After blocking, mouse sFlt-1 protein standard and serum samples
were added. 2 mg/mL biotinylated goat anti-mouse sFlt-1 (R&D Sys-
tems) was added, followed by 1 mg/mL streptavidin SULFO-TAG Ab
(MSD). The plate was developed with MSD Read Buffer.

Free VEGF in diluted serum samples was quantified in a solid-phase
sandwich ELISA, as per manufacturer protocol (MMV00; R&D
Systems).

sFlt-1 competition assays

Competition ELISA was conducted to measure mAb inhibition of
VEGF binding to sFlt-1 using plates coated with 250 ng/mL mouse
VEGF (R&D Systems) or human VEGF (R&D Systems) in 0.2 M car-
bonate-bicarbonate buffer. Anti-sFlt-1 Fabs from screening selections
and full IgG candidates (series of dilutions from 20 mg/mL) were
added to an equal volume of 20 ng/mL mouse or 80 ng/mL human
recombinant VEGFR-1/Flt-1 Fc chimera (R&D Systems) for 1 h
Molecular Therapy: Methods &
and then added to the plate for 30 min. For
both competition assays, a mouse anti-histidine
TAG biotin-conjugated Ab (Bio-Connect, Huis-
sen, the Netherlands) was added for 1 h, fol-
lowed by washing and a 1-h incubation with streptavidin-HRP
(R&D Systems). The plate was developed for 10–20min with tetrame-
thylbenzidine substrate, stopped with 0.5 M H2SO4, and then read at
450 nm.

Phosphorylation of VEGFR-2

HUVECs were incubated for 10 min with serum-free media contain-
ing anti-sFlt-1 candidates, mouse VEGF (100 ng/mL), and mouse
sFlt-1 for the mouse assay or anti-Flt-1 candidate, human VEGF
(100 ng/mL), and human sFlt-1 for the human assay. Cells were
washed and lysed, and phosphorylated VEGFR-2 was measured using
an AlphaScreen sandwich immunoassay following the manufac-
turer’s instructions (ALSU-PVGFR-A500; PerkinElmer, Waltham,
MA, USA).

Epitope mapping by hydrogen-deuterium exchange

Epitope mapping was performed by hydrogen-deuterium exchange
mass spectrometry. Human sFlt-1 (10 mg) or sFlt-1:21B3 mixture
(10 mg:20 mg) was incubated in deuterium oxide labeling buffer
(50 mM phosphate, 100 mM sodium chloride, pH 7.4) for 0 s, 30 s,
2 min, 10 min, 1 h, or 4 h. Deuterium exchange was quenched by add-
ing 100 mL of buffer containing 3.4 M guanidine hydrochloride and
0.73 M tris-(2-carboxyethyl) phosphine hydrochloride for a final
pH of 2.5. Samples were then subjected to pepsin digestion, and the
resultant peptides were analyzed using ultra-performance liquid
chromatography-tandemmass spectrometry (UPLC-MS/MS; Waters
Acquity UPLC instrument [Milford, MA, USA] coupled to a MicrO-
TOF-Q II mass spectrometer [Bruker, Billerica, MA, USA]). Peptide
identification was performed by searching MS/MS data against the
sFlt-1 sequence using Mascot (Matrix Science, Boston, MA, USA).
Raw MS data were processed using HDExaminer software (Sierra
Clinical Development Vol. 21 June 2021 377
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Table 2. Pharmacokinetic characteristics of humanized 27H6 in serum of

mice, rats, and monkeys following a single i.v. bolus dose

Species
Dose,
mg/kg AUCinf, mg $ h/mL t1/2, h CL, mL/h/kg Vss, mL/kg

Mouse
3 906 25.7 3.3 69.8

30 26,137 75.5 1.14 120

Rat

0.3 33.6 1.88 8.94 41.8

3 1,575 8.46 1.84 33.1

30 21,017 28.6 1.41 82.6

Monkey

0.3 125 9.89 2.28 25.5

3 3,360 9.43 0.922 29.9

30 174,954 37.5 0.117 30.5

Values for pharmacokinetic parameters in rats represent measurement of test article-
derived radioactivity. Mean values are shown (n = 42 mice, n = 24 rats, and n = 2 mon-
keys per dose group). CL, clearance; Vss, steady-state volume of distribution.
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Analytics, Modesto, CA, USA). Deuterium levels were calculated us-
ing the average mass difference between the deuterated peptide and
its native form (t0).
Pharmacokinetics and pharmacodynamics of anti-sFlt-1 mAbs

in mice, rats, and monkeys

To measure 21B3 concentrations in serum and tissues, CD-1 mice
(8 weeks old) were administered a single i.v. bolus dose of 10 mg/
kg [125I]-21B3, and blood samples were collected up to 28 days after
dosing for analysis of serum mAb concentrations. Diaphragm and ti-
bialis anterior muscle tissue was collected up to 14 days after dosing.
All serum and tissue samples were analyzed for total radioactivity,
and data are reported as test article equivalents (see Supplemental
materials and methods, 2).

To measure 27H6 concentrations, CD-1 mice were administered a
single i.v. bolus dose of 0.3, 3, or 30 mg/kg 27H6. Rats (8 weeks
old) and monkeys (2–3 years old) were administered the same doses
of humanized 27H6 formatted to human IgG1 containing LALA mu-
tations in the Fc. Blood and muscle samples were collected up to
28 days after dosing in mice and rats, and blood samples were
collected up to 45 days after dosing in monkeys. 27H6 levels were
measured in mice, rats, and monkeys using an ELISA (see Supple-
mental materials and methods, 2).

3-week-old male mdx mice (C57BL/10ScSn-Dmdmdx; Jackson Labo-
ratory, Bar Harbor, ME, USA) were administered 1, 3, or 10 mg/kg
21B3, 27H6, or isotype control i.v. twice weekly. At this age, muscle
necrosis and weakness begin in the diaphragm, whereas the mice are
also weaned and can accommodate repeated i.v. injections. Wild-
type controls were not included in this study, as no correction of
disease phenotype was expected in a non-disease model, and the un-
derlying cause of the disease was not being targeted. Blood samples
from 21B3-treated mice were collected up to 6 or 12 weeks, and
samples from 27H6-treated mice were collected up to 12 weeks to
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measure levels of mAb, free Flt-1, and free VEGF (see Supplemental
materials and methods, 2).

Pharmacokinetic parameters were calculated using non-compart-
mental analyses with Phoenix WinNonlin version 6.3 (Certara,
Princeton, NJ, USA).

Histopathology analysis

All immunohistochemistry staining was performed on 5 mM paraffin
sections of diaphragm or tibialis anterior muscle from mdx mice
(3 weeks old) treated with 1, 3, or 10 mg/kg 27H6 i.v. twice weekly
for 6 or 12 weeks. In agreement with the literature,7,21 findings
from a natural history study showed that peak/plateau fibrosis and
necrosis in limb muscle and diaphragm occurred between 6 and
12 weeks (data not shown), and thus, these time points captured
the endpoints before and after maximum levels were reached. For
CD31 staining, goat anti-CD31/PECAM-1 Ab (R&D Systems;
AF3628, 1:50) was used as the primary Ab and isotype IgG as a nega-
tive control; biotin-labeled rabbit anti-goat IgG (Vector Laboratories,
Burlingame, CA, USA) and ABC Kit (Vector Laboratories) were
applied as the detection system and the positive signal were revealed
with 3,30-diaminobenzidine. For detection of fibrosis, rabbit anti-Col-
1 Ab (Boster Bio, Pleasanton, CA, USA; PA2140-2, 1:1,000) was used,
and the BOND Polymer Refine kit (Leica Biosystems, Buffalo Grove,
IL, USA; DS9800) was applied as the detection system. The positive
cells were identified as brown in color, and nuclei were stained
blue. The stained slides were scanned with an Aperio AT2 scanner
(Leica Biosystems), and the whole digital slides were viewed and
analyzed by ImageScope (Leica Biosystems). The positive pixel count
algorithm was selected and adjusted to cover each individual positive
staining for analysis. The data were presented as positivity, which was
obtained from the following formula: positivity (%) = positive area
(pixels)/total stain area (pixels) � 100%. See Supplemental materials
and methods, 3.

Measurement of muscle perfusion and function

Muscle function analyses were performed on mdx mice (9–10 weeks
old) administered 20 mg/kg 21B3 i.v. twice weekly for 4 weeks. As
opposed to other studies that showed increased capillary density us-
ing a dose of up to 10 mg/kg, a higher dose was chosen for these
studies to ensure sufficient exposure to the mAb for confirmation
of functional changes; this was also based on our evolving under-
standing of the relatively short t1/2 and rapid clearance of 21B3.
RBC flux in the tibialis anterior muscle was evaluated using a laser
Doppler flowmeter with anMP7a probe as previously described,19 ac-
cording to the manufacturer’s instructions (Moor Instruments, Wil-
mington, DE, USA). Microbubble angiography was performed using
the Vevo 2100 Imaging System (Fujifilm VisualSonics, Toronto, ON,
Canada) with a Vevo MicroMarker contrast agent. See Supplemental
materials and methods, 4.

Contraction strength, as indicated by maximal isometric torque of the
hind-limb dorsiflexors, was assessed as previously described19 using
the 1300A Whole Animal System (Aurora Scientific, Aurora, ON,
021
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Canada). The peroneal nerve was stimulated from either side using
subcutaneously inserted platinum electrodes to induce a contraction
of the anterior crural muscles, and the elicited contraction was re-
corded. See Supplemental materials and methods, 4.

The forelimb grip-strength test was performed as previously
described.60 Mice were gently pulled by the tail after forelimb
grasping a metal bar attached to a force transducer (Columbus In-
struments, Columbus, OH, USA). Three sets of five consecutive
grip-strength tests were recorded, each followed by a 20-min resting
period. The average of the three highest values of the 15 tests was
normalized to body weight. See Supplemental materials and
methods, 4.

Statistical analyses

Statistical comparisons were conducted using ANOVA with mixed
effects or multiple comparisons (GraphPad Prism version 7 or higher;
San Diego, CA, USA). Functional animal data were analyzed using
t tests. Non-linear regression methods were used to analyze the effect
of log inhibitor concentration versus response.

Study approval

All in vivo mouse, rat, and monkey studies received prior approval
from appropriate Institutional Review Boards. Pharmacokinetic
studies with mice and rats were performed at WIL Research Labora-
tories (Ashland, OH, USA) in facilities fully accredited by the Associ-
ation for Assessment and Accreditation of Laboratory Animal Care
International and in accordance with the Guide for the Care and
Use of Laboratory Animals (National Research Council, 2011). Phar-
macokinetic studies with monkeys were performed at Covance (Mad-
ison, WI, USA). Functional studies inmdxmice were approved by the
Institutional Animal Care and Use Committee and performed at the
University of Minnesota (Minneapolis, MN, USA).

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtm.2021.03.013.
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