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Figure 3. Competitive SPR analysis of binding of various TGF-f traps to TGF-p isoforms in solution. The graphs show the percent free TGF-f after
prebinding TGF-B3 (A) or TGF-B2 (B) to increasing amounts of trap or 1D11 antibody. Binding is normalized relative to TGF-f incubated without trap or 1D11
(100% free TGF-B). Supplementary Table S5 lists the average binding ICso values derived from the competition graphs. Neutralization of TGF-B3 (C) and
TGF-B2 (D) by various traps or 1D11 antibody, as determined by a luciferase reporter assay using Mv1iLu cells. Shown are representative graphs of the
TGF-B-signaling response (relative to the maximum response) for cells treated with TGF-B3 or TGF-f2 and increasing amounts of trap or 1D11. The average
ICsp values, determined from neutralization curves for TGF-$1, TGF-B2, and TGF-B3, are given in Supplementary Table S4.

TPRII-ED was least efficient for binding TGF-f2 and TGF-
B3. The 2 single-chain traps, TBRII-Fc and 1D11, all bound
TGF-B3 with similar efficacies, exhibiting average ICs
values ranging from 0.1 to 0.4 nmol/L. In contrast, the
single-chain traps and TBRII-Fc bound weakly to TGF-f32
(ICsp values >100 nmol /L), whereas 1D11 bound efficient-
ly to this isoform (ICsp = 1.8 nmol/L). When these results
were compared with the direct binding data in Fig. 2B-D,
it was apparent that slow dissociation rates define the
interactions that result in efficient binding/sequestration
of ligand in solution, that is, TGF-B2 with 1D11 and TGF-
B1/3 with 1D11, (TRRI)2, and (TRRIIb)2.

Single-chain TGF-§ traps are potent neutralizers of
TGF-p1 and TGF-$3 in a cell-based assay
Neutralization of TGF-B1, TGF-f2, and TGF-83 by
(TBRIDN2 and (TPRRIIb)2 traps was compared with TBRII-
Fc, TBRII-ED, and 1D11 using a cell-based TGF-f reporter
assay (Fig. 3C and D, Supplementary Table S4). The aver-
age 1Cs¢ values of (TBRID2 for TGF-B3 and TGF-1 (~0.3
and ~1.4 nmol/L, respectively) were similar to those for

TBRII-Fc (~0.3 and ~0.5 nmol/L for TGF-83 and TGF-f1,
respectively). The ICsy values for (TBRIIb)2 were some-
what lower (~0.05 and ~0.1 nmol /L for TGF-3 and TGF-
B1, respectively) and similar to 1D11. In contrast, TBRII-ED
was much less potent in neutralizing TGF-$1/3 (ICs
values >100 nmol/L). Finally, TGF-B2 was neutralized by
1D11 but not by the receptor-based traps (Fig. 3D). Our
results showed that linkage of 2 TBRII ectodomains with
natural linker sequences enhances not only binding to
TGF-B1 and TGF-B3 but also neutralization potency. How-
ever, theimprovement in TGF-B2 binding (Fig. 2D) was not
sufficient to enable neutralization of this TGF-f isoform.

Our molecular dynamic simulation of the (TPRI?2 trap
indicated that the natural linker becomes rigid and may
establish molecular interactions with the ligand (Supple-
mentary Fig. 52A), which could contribute to an increased
affinity and neutralizing potency of this trap. To test the
effect of the linker sequence, we assessed a (TPRII)2 trap in
which the 35 a.a. natural linker was replaced by a 35-a.a.
artificial linker (composed of [8xGGGS]JGGG). We
observed an approximately 10-fold decrease of the ICs
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Figure 4. The (TBRII)2 trap is stable and retains full activity in human serum. A, top, Western blot analysis of trap protein (detected by anti-TBRII antibody)
after incubation in 90% human serum at 37°C for the indicated number of days. Bottom, TGF-B1 neutralization curve for the 7-day trap sample and
nontreated control. B-D, pharmacokinetic assessment of the (TBRII)2 trap in vivo following a single injection in rats. B, time course for trap levels

in blood plasma over a 24-hour period. The graph (inset) shows trap level kinetics during the first 4 hours. Trap levels are expressed as microgram
equivalents, as calculated from the cpms. C, concentrations of trap in various tissues at 20 minutes and 24-hour time points. D, trap amounts in

urine collected over the indicated time intervals.

value for TGF-B1 neutralization for the artificial versus
natural linker trap (13.3 and 1.4 nmol/L, respectively,
Supplementary Fig. S3). This suggested that the natural
linker in (TBRII)2 has properties that enhance trap affinity
and efficacy.

Serum stability and pharmacokinetic characteristics
of the (TRRII)2 trap

For our in vivo studies, we focused on the (TBRII)2 trap
as its sequence mimics the predominant TPRII isoform
found in tissues, and it showed TGF-B-binding character-
istics similar to (TPRIIb)2 (Figs. 2B-D, 3A). First, we

assessed the susceptibility of (TBRII)2 to proteolytic deg-
radation in serum. As shown in Fig. 4A, the (TBRII)2 trap
showed no evidence of degradation and retained full
neutralization potency after incubation in human serum
at37°C for up to 7 days. Although stable in serum, the size
of the (TBRII)2 trap with glycosylation is slightly under the
60-kDa (approximately) molecular cut-off for kidney fil-
tration, hence we anticipated a short circulation time
in vivo. This was confirmed by pharmacokinetic studies
that showed that (TBRII?2 has a half-life of less than 1 hour,
predominantly because of kidney clearance and elimina-
tion in the urine (Fig. 4B-D). This is considerably shorter
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than antibodies, including 1D11 and the humanized
equivalent GC1008 (fresolimumab), which have half-lives
of several days in vivo (47).

The (TBRII)2 trap reduces growth of 4T1 mammary
tumors primarily by reversing TGF-pB-mediated
immune suppression and angiogenesis

We next tested the in vivo efficacy of the (TBRID)2 trap
versus 1D11 antibody using the syngeneic 4T1 mammary
tumor model in BALB/c mice. The tumor-inhibiting
action of 1D11 has been well documented using this
model (25, 26). 4T1 cells were implanted orthotopically
into the mammary fat pad, and treatment was then
initiated for a period of 2 weeks. To partially compensate
for its short half-life, we increased the dose (10 mg/kg)
and frequency (daily) of injection of the (TBRII)2 trap
compared with 1D11 (5 mg/kg, thrice a week). Figure
5A shows that, compared with the saline controls, treat-
ment with 1D11 and the trap slowed tumor growth by
approximately 50%.

We also compared 1D11 and (TBRID?2 trap efficacies in
mice with established 4T1 tumors and found that the trap,
but not 1D11, significantly reduced further tumor growth
(Fig. 6A). This difference may be due to better penetration
into tumors of the smaller trap compared with 1D11
antibody. We also assessed lung metastases in these mice
and found that both the trap and 1D11 seemed to reduce
the number of lung nodules relative to controls (Fig. 6B).
This may be due to the trap and 1D11 having access to
disseminating 4T1 tumor cells, either within the blood or
at the secondary site. Taken together, these studies
showed primarily that, despite its rapid elimination
in vivo, the (TPRII2 trap reduces the growth of newly
implanted or established primary tumors, indicating a
remarkable potency for this trap.

To probe the mechanisms underlying the reduction of
4T1 tumor growth, we analyzed the effect of the (TBRII)2
trap on4T1 cells in vitro and on tumors from the animals in
which treatment was initiated the day after tumor cell
implantation. In 4T1 cells, the (TBRID2 trap effectively
antagonized TGF-B1 and TGF-B3 signaling and partially
antagonized TGF-B2 signaling, as measured by expres-
sion of the TGF-P response marker PAI-1 (Supplementary
Fig. 54B). Similarly, the (TBRID2 trap inhibited TGF-B1-
and TGF-B3-mediated Smad2 phosphorylation in 4T1
cells (Supplementary Fig. S4C). In contrast, we were
unable to detect a significant decrease in PAI-1 levels in
4T1 tumors from mice treated with trap or 1D11 compared
with the saline controls (Fig. 5B). Furthermore, Ki67 stain-
ing of the tumors did not reveal any differences in cell
proliferation (Supplementary Fig. S5). This was expected
because 4T1 cells are not growth inhibited in vitro by any
of the TGF-B isoforms (Supplementary Fig. S4A). These
results therefore suggested that the observed tumor
growth reduction is not due to inhibition of TGF-B sig-
naling within tumor cells or direct effects on tumor cell
proliferation, but may be due to TGF-B neutralization
effects on other cell types in the tumor microenvironment.

In support of this, we observed a significant increase in
infiltrating T cells (as detected by CD3 staining) in tumors
of both trap- and 1D11-treated mice (Fig. 5C). This corre-
lated with increased granzyme B (a cytotoxic T-cell effec-
tor molecule) and Rae-1y (an immune cell activator)
mRNA levels, particularly in tumors from trap-treated
mice (Fig. 5B). In addition, trap- and 1D11-treated tumors
exhibited a marked reduction in blood vessel density (Fig.
5D). Together these results indicated that, similar to 1D11,
the (TBRII?2 trap inhibits tumor growth by reversing TGF-
B-mediated immune suppression and angiogenesis.
Overall, these results showed the promising potential
of the (TBRID2 trap to act as a therapeutic addressing
TGF-B-driven diseases.

Discussion

Here we present a novel design strategy for the gene-
ration of single-chain, bivalent receptor ectodomain-
based traps that neutralize members of the TGF-B
superfamily of ligands. Our approach exploits the pre-
sence of IDRs that flank either side of the structured
ligand-binding domain, a feature shared by the receptor
ectodomains from this family. Fusion of the C-terminal
IDR of one ectodomain with the N-terminal IDR of the
second ectodomain, thus, forms a bivalent trap that
has 2 structured binding domains connected by a natural
flexible linker.

This design strategy was supported by empirical esti-
mates based on known atomic distances between 2 recep-
tor domains when simultaneously bound to ligand and
which indicated that natural flexible linkers formed by
joining receptor IDRs should have sufficient length to
span over the ligand dimer (Supplementary Table S2). In
the simplest case, affinity enhancement can be achieved if
the linkers act purely as flexible polypeptides that con-
strain the distance between 2 receptor-binding domains,
thereby increasing the effective concentration (Cg) of the
second binding domain (48, 49). However, our results
show that, when linkers are composed of natural IDR
sequences, they may contribute to enhancement of the
affinity of the trap and neutralization efficacy through
additional effects beyond simply acting as a leash. The
first evidence alluding to this is provided by the molecular
dynamic simulation of the (TBRII)2 trap, which indicated
that, upon binding TGF-B, the natural linker does not
remain free in space but rather becomes rigid, establishing
potential molecular interactions with the ligand (Supple-
mentary Fig. S2A). This notion is supported by our data
showing that the replacement of the natural linker of the
(TBRID2 trap by an artificial linker caused a 10-fold
decrease in TGF-B1 neutralization efficacy (Supplemen-
tary Fig. S3). These results suggest that IDR-based linkers
may take on a folded conformation that is adapted to
interact with its target, a well-recognized capability of
intrinsically disordered proteins (50). These findings
highlight a select advantage of using a linker composed
of natural IDR sequences.
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Figure 6. Antitumor efficacies comparing (TBRII)2 trap and 1D11 antibody treatments in a mice with established 4T1 mammary tumors. A, left: growth of 4T1
tumors in mice treated with (TBRII)2 trap, 1D11 antibody, or saline over a 19-day period (10 mice per cohort, average tumor volumes normalized to
initial tumor volume before treatment + SD). Right: scatter plot of final tumor volumes. B, quantitation of lung metastasis in mice with established 4T1 tumors

after 19 days of treatment (Bar, median).

As a demonstration of the general applicability of this
IDR-linker design strategy, in addition to TGF-B, we
designed single-chain traps for other TGF-B superfamily
members, for example, BMP and activin (Supplementary
Fig. S1). To confirm affinity enhancement, we produced a
BMPR1a receptor-based trap, termed (BMPR1a)2, and
determined that it neutralized BMP-2 more effectively
than monovalent BMPR1a-ED (Supplementary Fig. S6).
Taken together, our data indicate that a receptor trap
design strategy that uses linkers composed of natural
IDRs provides a generally applicable engineering strategy
for effective traps for the TGF-B superfamily of ligands.

With respect to their ability to neutralize TGF-B1 and
TGEF-B3 in cell-based assays, the (TPRI)2 and (TBRIIb)2
traps behaved similarly to 1D11 antibody (Fig. 3C and
Supplementary Table 54). However, in contrast to 1D11,
these traps were unable to neutralize TGF-$2 (Fig. 3D).
This distinction is consistent with the fact that these traps
display faster TGF-B2 dissociation rates (Fig. 2D) and
lower potencies in a competitive binding assay (Fig.
3B), as compared with 1D11.

In vivo we observed that the (TBRID2 trap and 1D11
reduced the growth of 4T1 tumors to a similar extent when
treatment was initiated the day following tumor cell
implantation (Fig. 5A). This implies that the TGF-B1
and/or TGF-B3 isoforms play a greater role in tumor
growth than TGF-B2 in this tumor model. Importantly,
these results show that the (TBRII)2 trap can reduce tumor
growth as effectively as 1D11, despite its short circulating
half-life (<1 hour). Augmentation of the half-life of the

trap, for example, by PEGylation, may improve its in vivo
potency further. On the other hand, rapid clearance of the
(TBRIDN2 trap from the circulation may prove advanta-
geous for disease indications where short-term TGF-f
neutralization is preferred.

Our analysis of the mechanisms underlying in vivo
efficacy indicate that the (TBRID2 trap enhanced a T-
cell-mediated immune response in the tumor microenvi-
ronment and reduced blood vessel formation, which
concurs with the study of Nam and colleagues (25) using
1D11. Notably, although the effect of the (TBRII)2 trap and
1D11 on the growth of newly implanted 4T1 tumors was
not detectably different, we observed that the T-cell activ-
ity markers granzyme B and Rae-1y were augmented
more significantly in tumors from trap-treated compared
with 1D11-treated mice (Fig. 5B). As further evidence of
the higher efficacy of the trap in animals with established
4T1 tumors, we show that the (TBRII)2 trap, but not 1D11
antibody, reduced primary tumor growth (Fig. 6A). One
explanation is that the smaller (TBRII)2 trap may better
penetrate established tumors compared with 1D11 anti-
body, providing a potential therapeutic advantage.

In summary, we present a novel approach for the design
of single-chain bivalent receptor traps for TGF-p family
ligands. In particular, we show the neutralization poten-
cy, serum stability, and in vivo efficacy of selected TGF-f3
traps. Several characteristics make these traps attractive
candidates for therapeutic or diagnostic applications.
These advantages include (i) neutralization potencies in
the nmol/L to sub-mol/L range, (ii) a single chain nature

Figure 5. Antitumor efficacies and modes of action comparing (TBRII)2 trap and 1D11 antibody treatments in a mice developing 4T1 mammary tumors.
A, left, mice were treated with (TBRII)2 trap, 1D11 antibody or saline control (10 mice per cohort). Shown are the average tumor volumes + SEM. A, right,
scatter plot of final tumor volumes of each mouse in the cohorts after 14 days of treatment (Bar, median). P values were calculated using 2-tailed
nonparametric Whitney—Mann test. B, relative quantities (RQ) of PAI-1, granzyme B (GZMB), and Rae-1y transcripts in harvested tumors, as determined
by Q-PCR. C, evaluation of infiltrating T-lymphocytes in 4T1 tumors by CD3 staining (red). The lower graph shows the number of CD3" cells in tumor
sections (5 high power fields per tumor section). D, comparison of blood vessel density (red stain) in representative tumor sections stained with CD31 antibody.
Immunohistochemistry staining and Q-PCR experiments were carried out as described in Supplementary Methods.
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for ease of production and further engineering (.e.,
fusion, PEGylation), and (iii) natural sequence composi-
tions reducing potential immunogenicity.
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