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Abstract
Integrin α5β1 is an important therapeutic target that can be inhibited using an aldolase antibody
(Ab)-derived chemical-Ab (chem-Ab) for the treatment of multiple human diseases, including
cancers. A fairly optimized anti-integrin α5β1 chem-Ab 38C2-4e was obtained using an in situ
convergent chemical programming (CP) approach, which minimized the time and efforts needed
to develop a chem-Ab. Multiple Ab-programming agents (PAs) 4a-e could be prepared rapidly
using the Cu-catalyzed alkyne-azide coupling (Cu-AAC) reaction of an α5β1 inhibitor 2 with
multiple linkers 3a-e, either before or after conjugating the linkers into Ab 38C2 binding sites. In
these two-steps processes, the products after step 1 can be used in next step without performing an
extensive purification or analysis of the Ab-PAs or Ab-linker conjugates affording chem-Abs
38C2-(4a-e). Flow cytometry assay was used to determine binding of the chem-Abs to U87 human
glioblastoma cells expressing α5β1 integrin, and identify 38C2-3e as the strongest binder. Further
studies revealed that 38C2-3e strongly inhibited proliferation of U87 cells and tube formation of
HUVEC in matrigel assay, as well as tumor growth and metastasis of 4T1 cells in vivo.
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Integrins are noncovalently bound heterodimeric glycoproteins that interact with
extracellular receptors, and transmit signals across the cell membrane in both directions.1,2

Their interactions are critical for the cell functions, maintaining the tissue homoeostasis, and
repairing tissue injuries.3,4 Integrins are present on a wide variety of cells under both normal
as well as pathological conditions, but their expressions are often perturbed in latter
situations. Many integrins, including α5β1, overexpress on tumor cells and/or on endothelial
cells in angiogenic tumor vasculature, play an important role in tumor angiogenesis, growth
and metastasis.5,6,7,8 It has been shown that integrin α5β1 and its main ligand – fibronectin
– are highly relevant targets for the treatment of human cancers.9,10,11,12,13 A disruption in
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integrin α5β1-fibronectin binding using selective inhibitors of the integrin, including small
molecules as well as antibodies (Abs), induces apoptosis of the activated endothelial cells,
and inhibits tumor angiogenesis, growth and metastases. Indeed, several inhibitors of α5β1
integrin, including small molecules and monoclonal Ab, are undergoing clinical trials for the
treatment of human cancers and age-related macular degeneration (AMD)
(www.clinicaltrials.gov). We are also developing anti-α5β1 chemical-Abs (chem-Abs)
using a chemical programming (CP) strategy14,15 that may prove therapeutically useful for
the treatment of human cancers and AMD. In this communication, we describe synthesis and
optimization of an anti-α5β1 chem-Ab using an in situ convergent CP approach, and results
of the in vitro and in vivo studies with a fairly optimized anti-α5β1 chem-Ab.

We have developed several chem-Abs by programming Ab 38C216 and related aldolase
Abs17 with low molecular weight synthetic inhibitors that targeted integrins αvβ3, αvβ5,
and αvβ6.14,15,18,19,20,21 There are additional chem-Abs that targeted endothelin receptor,22

or bound two different targets.23,24 In vitro and in vivo studies have revealed that the chem-
Abs possessed long serum half-life like a classical Ab, and they are therapeutically more
effective than the low molecular weight inhibitors.15,25 Construction of such chem-Abs is
achieved by modifying synthetic inhibitors with a proprietary linker that selectively react
into Ab binding sites through the reactive lysine residues. We anticipated that an anti-α5β1
chemical-Ab could be prepared similarly using Ab 38C2, and a synthetic inhibitor of
integrin α5β1 as the Ab-programming agent (PA). However, to further facilitate the
discovery and optimization of a chem-Ab, we have developed an in situ convergent CP
approach that affords multiple chem-Abs using aldolase Abs and immediate precursors of
the Ab-PAs, i.e., functionalized inhibitors and linkers, in parallel. In this approach, multiple
bifunctional linkers react with a functionalized inhibitor (Method 1) or into Ab 38C2
binding sites (Method 2) first, and then the intermediates react with the Ab or inhibitor,
respectively, as shown in Scheme 1. For the sake of convenience, both inhibitors and linkers
are functionalized with alkyne and azide functions that undergo Cu-catalyzed alkyne-azide
coupling (Cu-AAC or Click reaction)26 affording the coupled products. The intermediates
from step 1 can be used in step 2 without undergoing an extensive purification and/or
analysis of the products, and the resulting chem-Abs after step 2 are dialyzed before
analyzing their bindings to cells.

There are numerous potent anti-α5β1 integrin inhibitors27,28,29,30 that could be modified
with a linker and conjugated to Ab 38C2 giving anti-α5β1 chem-Abs. Initially, we focused
on compound 127 (Figure 1), and synthesized an analogous compound 2 that possessed an
alkyne function for introducing a linker enroute the Ab-PAs, 4’s, and chem-Abs 38C2-4’s.
The linker site in compound 2 was established based upon the structure activity relationship
data around compound 1, and our prior studies with the anti-αvβ3 and αvβ5 chem-
Abs.14,15,18-21 Conjugation of compound 2 into Ab 38C2 binding sites could be mediated
through a series of bifunctional linkers 3’s, different from each other only in length,
possessing an azide group. As described above in Scheme 1, compound 2 could react with
linkers 3’s, and the resulting Ab PAs 4’s conjugate with Ab 38C2 (method 1); or, linkers 3’s
could conjugate with Ab 38C2, and then react with compound 2 (method 2), giving chem-
Abs 38C2-4’s. Syntheses and partial analysis of intermediate 2, linkers 3’s, and Ab-PAs 4’s,
as well as their precursors, are described in supporting information (SI).

First, we examined a feasibility of the in situ convergent methods by constructing chem-Ab
38C2-4a using Ab 38C2, compound 2, and linker 3a, as described in Scheme 1, and also by
classical way, and examining bindings of the resulting samples to U87 cells overexpressing
integrin α5β1.31 Thus, in in situ method 1, azide-linker 3a was treated with an excess (3
equivalents) of alkyne-inhibitor 2 (Step 1) using Cu-ACC condition.32 After a complete
consumption of linker 3a was confirmed using LC-MS and excess Cu was removed using
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CupriSorbTM,33 the resulting mixture containing the Ab-PA 4a was reacted with Ab 38C2
(Step 2) giving 38C2-4a. In method 2, Ab 38C2 was first programmed using linker 3a (3
equivalents), and the resulting 38C2-3a (Step 1) was subsequently treated with an excess (10
equivalents) of compound 2 under Finn’s Cu-AAC condition34 (Step 2) to afford 38C2-4a.
In our classical method, 38C2-4a was prepared using PA 4a that was purified and
authenticated spectroscopically before reacting with Ab 38C2 (method 3). Formation of the
chem-Ab 38C2-4a samples by all three methods was confirmed using the Methodol
Assay.35 Chem-Ab 38C2-4a samples were dialyzed using 10K MW cut Amicon Ultra
Centrifugal Filter and filtered before use, which also removed any unreacted small
molecules and Cu reagents. An examination using FACS revealed that both samples of
38C2-4a’s bound to human U87 astrocytoma cells possessed a nearly identical binding
profile (SI Figure S-1).

Next, we prepared chem-Abs 38C2-4(b-e) using linkers 3b-e, compound 2 and Ab 38C2 via
the Ab-PAs 4b-e, and determined their bindings to U87 cells using flow cytometry. The
results, shown in Figure 2A, indicated that all four chem-Abs, 38C2-4(b-e), bound to U87
cells. No binding was recorded with the –ve controls, including Ab 38C2, buffer or the
secondary Ab alone, as expected. In this manner, we have identified 38C2-4e as a fairly
optimized chem-Ab for subsequent studies, which included binding studies with the 4T1
murine breast cancer cells, ELISA experiments, in vitro cell proliferation and angiogenesis
assay, and the efficacy evaluation using tumor and metastases models of 4T1 cells. Again,
binding of the chem-Ab 38C2-4e to 4T1 cells was examined, as described above with U87
cells. The results (SI Figure S-2) confirmed a positive binding of the chem-Ab 38C2-4e to
4T1 cells, albeit weakly, which correlated with the weak expression level of the integrin on
this cell line. Using ELISA assay (Figure 2B), we found that 38C2-4e possessed high
affinity for α5β1 integrin, but not for αvβ3 integrin, suggesting that the inhibitor 2 retained
its affinity for the α5β1 integrin even after modification with the linker and conjugation to
Ab 38C2. The latter finding is significant as both α5β1 and αvβ3 integrins bind RGD motif
in proteins and the RGD mimetics, and selectivity is often an issue for the inhibitors of these
integrins.36

Integrin inhibitors inhibit tumor growth mainly by interfering with the tumor angiogenesis
processes, as well as by inhibiting the proliferation of tumor cells expressing target
integrins.37,38,39,40,41 We determined the effects of 38C2-4e and compound 2 on cell
proliferation using U87 cells. For this, cells were treated with compound 2 (1 μM) or
38C2-4e (1 μM), and number of live cells determined on day 2, 4, and 6. Image from each
well was scanned using a microscope on day 6. Results are shown in Figure 2C. Evidently,
chem-Ab 38C2-4e decreased proliferation of U87 cells significantly (Figure 2C-Left), which
amounted to approximately 40% inhibition after 6 days. Compound 2 also showed
approximately 15% inhibition. After 72 hours of exposure to 38C2-4e or compound 2, U87
cells rounded up and detached to form clusters, i.e. spheroids (Figure 2C-Right). In contrast,
fewer U87 cells formed spheroids in control and 38C2 treatment. Similar results were
reported with α5β1 inhibitor SJ749, which inhibited proliferation of U87 cells at 10 JM
concentrations by 20% and formed cell spheroids.36

To determine and analyze the anti-angiogenic effects of anti-α5β1 chem-Ab 38C2-4e on
tumor vascularization, human endothelial cell function was assessed in vitro in matrigel
using the endothelial cell tube formation assay, as described in the literature.42 HUVEC tube
formation was observed as early as 5 hrs after assay initiation versus under normal
conditions, and the vascular tubes were formed within 24 hrs. The results are shown in
Figure 2D. Evidently, 38C2-4e inhibited the angiogenesis at 1 μM concentration
significantly than using the compound 2 alone. As expected, the tube formation wasn’t
apparent in the control experiment using Ab 38C2 alone. These data indicated that the
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38C2-4e is most likely a high affinity integrin α5β1 blocking Ab that can suppress tumor
angiogenesis and tumor growth effectively.

Results of the above-described studies with 38C2-4e, as well as prior in vitro and/or in vivo
studies with the anti-α5β1 integrin antibody and small molecule inhibitor SJ749, clearly
suggested that the former could also inhibit tumor growth and/or metastasis without causing
any general toxicity to normal cells.36-40 Because both the small molecule integrin inhibitors
and anti-integrin Abs are usually less toxic than most anti-cancer cytotoxins, such as
doxorubicin and paclitaxel, currently used in clinic, they can be administered at a high
dosage. Uses of the integrin inhibitors at a high dosage may also be necessary as they are
often pro-angiogenic at a low concentration.43 Thus, we determined in vivo efficacy of
38C2-4e using 4T1 murine mammary carcinoma model. Compound 2 and Ab 38C2 alone
and buffer were used as the control groups. All treatment regimens were administered every
fifth day starting on day 4 after tumor induction. As shown in Figures 3A and 3B, the results
confirmed that there were significant tumor growth and metastasis inhibition in experimental
groups treated with 38C2-4e. There are no weight loss and any other apparent signs of
toxicity. On day 32, tumor volumes of 38C2-4e treated group animals were significantly
smaller than the control groups (Figure 3A) (p<0.01, n=6). The vascular density (CD31
positive in Figure 3B) was reduced in tumor sections of treated Mice. This data is in
consistent with the in vitro assay of the tube formation, indicating that the 38C2-4e is a high
affinity-blocking anti-α5β1 integrin Ab that suppresses angiogenesis under pathologic
conditions, such as tumor growth. Treatment with 38C2-4e has also shown significant
inhibitory effects on spontaneous metastasis of 4T1 murine mammary carcinoma, as
compared to the control groups, including those treated with buffer, Ab 38C2, or compound
2 alone (Figure 3C). These results are significant because 4T1 spontaneous metastasis is a
highly aggressive model and has great clinical relevance.44

In general, affinity of a chem-Ab to cellular target strongly depends upon the length and
type of linker that connects a targeting moiety to Ab 38C2 through the lactam or DK
function.18 The above-described anti-α5β1 integrin chem-Abs 38C2-4’s also behaved
similarly, as their binding to U87 cells was stronger as linker increased from 4b to 4e,
though with an exception. Chem-Ab 38C2-4a possessed stronger binding than 38C2-4b and
38C2-4c, but the latter had longer linker than the former. The exact cause of this observation
remains to be ascertained. Second, linker length of the fairly optimized chem-Ab 38C2-4e is
already quite long, but it remains to be seen whether further elongation will have any effects
on the affinity of the resulting anti-α5β1 integrin chem-Abs. It is likely that the recently
described crystal structure of 33F12 Fab-JW hapten (5-((4-(3,5-
dioxohexyl)phenyl)amino)-5-oxo-pentanoic acid) complex46 may shed some light on the
development of new linkers in 3’s and 4’s, necessary to maximize binding of chem-Abs
38C2-4’s to their target. However, all these studies remain the subject of our future
investigations.

In conclusion, an aldolase Ab-derived anti-α5β1 integrin chem-Ab was prepared and
optimized using an in situ convergent CP approach, facilitated by the Cu-catalyzed Alkyne-
azide coupling reaction. Binding of the resulting five homologous chem-Abs to U87 human
glioblastoma cells expressing α5β1 integrin using flow cytometry assay revealed that chem-
Ab 38C2-4e was a fairly optimized anti-α5β1 integrin chem-Ab. In vitro and in vivo studies
confirmed that chem-Ab 38C2-4e inhibit tumor growth, angiogenesis and metastasis of
murine 4T1 cells. We anticipate that the chem-Ab 38C2-4e can be further optimized using
analogous compounds and/or linkers, and developed as highly efficient diagnostic tool and
possibly as therapeutic applications.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure of integrin α5β1 inhibitors, antibody programming agents (Ab-PAs), and chem-
Abs.
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Figure 2.
In vitro evaluation of the chem-Abs. (A) Bar graph showing the binding affinities of chem-
Abs 38C2-4(b-e) to U87 human glioblastoma cells as determined using FACS. Cells (1.5 ×
105 cells/ml) were incubated with chem-Abs (15 μg/ml) in PBS buffer containing (1% FCS
and 100 nm MnCl2) for 2 hr at 4 °C, and with FITC labeled anti mouse goat Ab (1 μg/ml)
for 1 hour at 4 °C. Secondary Ab and Ab 38C2 (15 Jg/ml) were used as –ve controls. The y
axis gives the relative mean fluorescence in linear scale, and the x axis describes sample
names. (B) Bar graph showing relative binding of chem-Ab 38C2-4e to integrin α5β1 and
αvβ3 using ELISA. Chem-Ab 38C2-4e and Ab 38C2 were added into wells of Immulon
2HB well plates (DYNE Technologies) that have been coated with purified integrin α5β1 or
αvβ3 protein and blocked with 10% BSA in PBS. After plates were incubated and washed,
binding of Ab 38C2 and chem-Ab 38C2-4e was determined using biotinylated anti-mouse
Ab (Vector Lab, 1:500 dilution in binding buffer, 2 Jg/ ml, 100 Jl), avidin-horseradish
peroxidase reagent, and AEC (3-amino-9-ethylcarbazole). Results were obtained by
measuring the relative absorptions at 405 nM using the UV spectrophotometer. (C)
Inhibitory effects of 38C2-4e on U87 cell proliferation. Cells were treated with compound 2
(1 μM), chem-Ab 38C2-4e (1 JM), buffer, and Ab 38C2 (1 JM) alone at 37 °C. After 0, 48,
96, and 144 hrs incubation periods, cell proliferation was determined using the MTT (3-(4,5-
dimethyl-thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-phenyl)-2H-tetrazolium)
assay (Left). Image from each well scanned using a microscope on day 6 (Right). (D)
Inhibitory effects of 38C2-4e on HUVEC tube formation. HUVEC cells layered on top of
the gels in the wells of a 96-well microtiter plate were incubated with the test compound 2 (1
μM), chem-Ab 38C2-4e (1 μM), and Ab 38C2 (1 JM) at 37°C for 72 hrs, and the image
from each well was scanned using a microscope (Left) and analyzed by counting fragments
of tubes (Right). All experiments were carried out in triplicate.
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Figure 3.
Inhibition of primary tumor growth and metastasis by the chem-Ab 38C2-4e. (A) Tumor
induction was performed by s.c. injection of 5 × 105 4T1 cells in the right flank of six-week-
old BALB/c mice. Four different groups of mice were treated with PBS (200 Jl), Ab 38C2
(150 Jg in 200 Jl buffer), chem-Ab 38C2-4e (150 Jg in 200 Jl PBS), or equimolar
concentration of compound 2, starting on day 4 after the tumor induction. Each mouse was
given i.p. injection on day 4, 8, 12, 16, 20, 24, and 32 (total 7 injections per mouse), and
tumor volumes were measured using a microcaliper and calculated by the formula V =
1/2(LXW2), where L is Length (longest dimension) and W is Width (shortest dimension).45

The difference in tumor growth between 38C2-4e and 2 was significant (n = 6 mice per
group, P <0.01). (B) Shown are the representative tumor sections of the vascular density
CD31 staining. (C) Representative lung specimens and statistical analysis of lung metastasis
of control, Ab 38C2, 2 and chem-Ab 38C2-4e. (n=6, p<0.01). Lung metastases were
determined by examining the lung sections using H & E staining. All animal experiments
were performed using procedures that have been reviewed and approved by the Institutional
Animal Care and Use Committee at The Scripps Research Institute. The Scripps Research
Institute maintains an assurance with the Public Health Service and is registered with the
Department of Agriculture and is in compliance with all regulations relating to animal care
and welfare.
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Scheme 1.
In situ convergent chemical programming (CP) approach for synthesis of the aldolase Ab-
derived chemical-antibodies (chem-Abs), Key: (a) Cu wire, Aq. CuSO4, CH3CN, 24 h, then
CupriSorbTM, 3 h, filtration using nanopore filter; (b) Ab 38C2 and compound 3’s or 4’s in
DMSO, PBS, pH 6.5, 16 h, then dialysis using Amicon; (c) 2 Aq. CuSO4, THPTA ligand,34

Na-ascorbate, aminoguanidine.HCl, DMSO.
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