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Abstract

A chemically programmed bispecific antibody (cp-bsAb) that targeted cysteine protease legumain
and av3 integrin has been prepared using the aldolase antibody chemical programming (AACP)
strategy. /n vitro evaluation of the anti-legumain, anti-integrin cp-bsAb and its comparison with
cpAbs targeting either integrin or legumain have shown that the former possesses superior
functions, including receptor binding and inhibitory effects on cell proliferation as well as
capillary tube formation, among all three cpAbs. The anti-legumain, anti-integrin cp-bsAb also
inhibited growth of primary tumor more effectively than either anti-legumain or anti-integrin cpAb
as observed in the MDA-MB-231 human breast cancer mouse model. The AACP-based cp-bsAb,
which contains a generic aldolase antibody, can also serve as a suitable platform for combination
therapy, where two equally potent compounds are used to target extracellular receptors.
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INTRODUCTION

Cysteine protease legumain and heterodimeric glycoprotein av/33 integrin regulate many
biological functions in both normal and pathological cells.}:2 Legumain protease, also
known as asparaginyl endopeptidase (AEP), is produced by the pH-dependent autoactivation
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of pro-legumain, and is localized in endolysosomes and in the nucleus. It catalyzes
activation of several essential proteases, including cathepsin B, H, and L,* and progelatinase
A5 which may be involved in maintaining protein homeostasis through the regulated
proteolysis of intracellular and extracellular proteins.® Legumain protease also catalyzes
proteolysis of the extracellular matrix (ECM) protein fibronectin,” which binds to integrins
besides other ECM components. Integrin avf3 is one of 24 heterodimeric integrins that
mediate cell-cell and cell-extracellular matrix interactions and play important roles in cell
signaling.28 However, both legumain and av/33 integrin overexpress in many human cancers
on tumor cells and/or in angiogenic tumor vasculature, and have emerged as potential targets
for the treatment of primary and metastatic human cancers.®19 Expressions of these proteins
strongly correlate with the invasive and metastatic phenotype of a number of solid tumors.
2511 The relevance of legumain and av/3 integrin as potential cancer targets is further
supported, showing that their inhibitors could reduce tumor growth and metastases in animal
models of human cancers.%:12

Legumain protease is known to secrete into tumor microenvironments under hypoxia, and to
colocalize with av/3 integrin on tumor cell surfaces.? Interaction of legumain and av/3
integrin is mediated through the characteristic RGD motif present in the protease. This
process leads to an increase in catalytic activity of the fully activated legumain# and upward
shift in the pH profile optimum from pH 5.5 to 6.0 through conformational stabilization of
the protease.® Evidently, legumain protease’s and av/83 integrin’s functions are intertwined.
We argued that targeting of legumain protease and av/33 integrin together using their
inhibitors could have superior effects on tumor growth and/or metastasis than when only one
of the two proteins is inhibited. To examine this hypothesis, we used a chemically
programmed bispecific antibody (cp-bsAb)16:17 that targets legumain protease and av/3
integrin, and is prepared by using the aldolase Ab-chemical programming (AACP) strategy.
18-21 1n this communication, we have described synthesis and evaluation of an anti-
legumain, anti-integrin cp-bsAb as well as the analogous anti-legumain and anti-integrin
monospecific cpAbs, and show that the former indeed mediated superior therapeutic effects
compared to either of the latter two cpAbs.

RESULTS AND DISCUSSION

Chemical programming of an Ab or Ab fragment is an emerging concept that allows one to
generate multiple cpAbs using one good Ab and a variety of synthetic inhibitors (organics)
possessing a designed linker as the Ab-programming agents (Ab-PAs).22 In some cases, the
linker is replaced with an antigen of circulating Abs such that the latter can be recruited to a
target of the organics used.23 Upon chemical programming, plasma half-life of a small
molecule increases, and the cpAb can discern Ab-dependent cell-mediated cytotoxicity,
which we have shown earlier with the anti-integrin cpAbs.10-12.18 For the AACP approach,
an Ab-PA is equipped with a lactam?* that reacts selectively with the lysine residues into
aldolase Ab, such as 38C2 (or humanized 38C2, i.e., 38C2h), binding sites giving a cpAb, |
(Scheme 1). A diketone (DK) or vinyl ketone (VK, as a pro-vinyl ketone) linker9 can also
be used; a lactam linker has been used here in most cases for ease of synthesis and stability
under reactive conditions. Similarly, a heterodimeric Ab-PA, prepared by combining two
equally potent drugs or compounds (compl and comp2) through an appropriately
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functionalized bidentate lactam linker, conjugates with Ab 38C2 giving a cp-bsAb, I1.
Alternatively, Ab 38C2 can be programmed using a monofunctional lactam linker (LNK-
FG), bifunctional lactam linker (LNK-*FG>), or one already armed with a compound
(compl), i.e., (LNK-compl/FG) to give a cpAb intermediate |11 (Ab-(NH-LNK-FG))), IV
(Ab-(NH-LNK-*FG)) »), and V (Ab-(NH-LNK-comp1/FG),), respectively. Subsequently,
intermediate |11 can react with an appropriately functionalized inhibitor or compound
(compl) affording cpAb I, or with a heterodimeric compound (compl/comp2) giving cp-
bsAb |1, whereas intermediate |V can react with two equally potent drugs or compounds
(compl and comp?2) and intermediate V with comp?2 affording the cp-bsAb 11.

First, we prepared a series of mono- and bifunctional lactam linkers (LNK), including
LNK1, LNKZ2, and LNK3 (see Supporting Information, Figure S-1), and examined their
conjugation to Ab 38C2. We found that they all conjugated to Ab 38C2 efficiently before or
after arming with a small molecule, which could be confirmed using the Methodol assay
(see latter, and Supporting Information Figure S-2, left).1® Therefore, we used the fully
functionalized Ab-PAs 3, 4, and 5, to prepare anti-legumain and anti-integrin cpAbs, and an
anti-legumain, anti-integrin cp-bsAb, respectively (Figure 1). Ab-PA 3 is a legumain
inhibitor containing compound 12° as the targeting head and a lactam linker for conjugation
with the Ab, and 412 is an av33 integrin inhibitor with compound 22 as the targeting head
and a pro-vinylketone linker for conjugation to the Ab; whereas, Ab-PA 5 is a heterodimeric
legumain-integrin inhibitor composed of compounds 1 and 2, attached together through a
“Y™ linker, and a lactam function for conjugation with the Ab. Compounds 3 and 5 were
synthesized as described (see Supporting Information Schemes S-1,2). All Ab-PAs, 3-5,
were next reacted with aldolase Ab 38C227 affording cpAbs 38C2-3, 38C2-4, and 38C2-5.
Here, pro-vinylketone (pro-VK) linker in compound 4 underwent aldolase Ab 38C2-
catalyzed retro-aldol reaction yielding VK [4a],28 which subsequently reacted with Ab 38C2
like the LNKSs giving 38C2-4.12 After chemical programming of Ab 38C2 using the PAs was
complete as assessed by loss of catalytic activity of the reaction mixture using the Methodol
assay19:29 (Supporting Information Figure S-2, right), the programmed Abs 38C2-3, 38C2-4,
and 38C2-5 were dialyzed using PBS buffer, and used for performing the /n vitroand in vivo
experiments.

With the cpAbs and cp-bsAb (38C2-3, 38C2-4, and 38C2-5) in hand, their binding to av3
integrin and legumain protease was first examined using human U87 glioblastoma,3° MDA-
MB-231 human breast cancer,3! and LNCaP prostate adenocarcinoma cells.32 Expression
and colocalization of both avf3 integrin and legumain protease on these cells was
confirmed using specific Abs. Using flow cytometry assay, both cpAbs 38C2-3 and 38C2-4
and cp-bsAb 38C2-5 were found binding to these cell lines, and no binding was recorded
with the negative control Ab 38C2 (Figure 2A-C). Importantly, the cell stain level was
stronger with 38C2-5 as compared to 38C2-3 and 38C2-4, which suggested a superior
binding of 38C2-5 to either or both integrin and protease on cell surface. Using ELISA
assay, it was also confirmed that 38C2-5 bound to both the purified avf3 integrin and
legumain protease, whereas 38C2-3 bound to only legumain and 38C2-4 to avf3 integrin,
as expected (Figure 2D). A superior binding of 38C2-5 compared to 38C2-3 and 38C2-4 in
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both the cell-based and the purified protein-based /n vitro assays is presumably because the
former possesses a large linker size than the latter two cpAbs.

Inhibitors of integrin avB3 and legumain protease are known to suppress proliferation of
tumor cells expressing these proteins, but we have found that chemical programming
increases activity of compounds in resulting cpAbs, which we have shown in this study
using compound 3 and cpAb 38C2-3 (Supporting Information Figure S-3). An examination
of the cpAbs 38C2-3 and 38C2-4 and cp-bsAb 38C2-5 using U87 cells also confirmed that
all three chem-Abs inhibited cell proliferation at 1 M concentration, but effects of 38C2-5
were significantly higher than those of 38C2-3 or 38C2-4. While 38C2-5 completely
inhibited proliferation of U87 cells, there was approximately 20% and 60% inhibition by
38C2-3 and 38C2-4, respectively, at the end of day 4 (Figure 3A, left). Cells treated with
38C2-4 or 38C2-5 detached and rounded up to form clusters, i.e., spheroids (Figure 3A,
right). In contrast, fewer U87 cells formed spheroids in control (Ab 38C2) and 38C2-3
treated groups. The results were similar to those observed with the integrin a51 inhibitors
and anti-a541 cPAbs.33

Development of functional vasculatures requires precise spatial-temporal regulation of
endothelial cell proliferation and invasion. To determine and analyze the effects that can be
engendered by using the anti-legumain, anti-integrin cp-bsAb 38C2-5 on tumor
vascularization, human endothelial cell functions were assessed /n vitro in Matrigel using
the tube formation assay, as described in the literature.34 Vascular tube formation was
observed as early as 5 h after assay initiation, and formed within 24 h. As anticipated, both
cpAbs 38C2-3 and 38C2-4 and cp-bsAb 38C2-5 inhibited the tube formation at 1 /M
concentration as compared to the control experiments using Ab 38C2 (Figure 3B).

We further examined the therapeutic effects of 38C2-5 on tumor growth using human MDA-
MB-231 breast cancer cells, /n7 vivo, as compared to 38C2-3, 38C2-4, and 38C2 alone. As
described previously,13 MDA-MB-231 tumor model was established on the right flank of
eight-week-old Hsd: Athymic nude female mice by injecting 100 wL of single-cell
suspension (5 x 10° viable cells/mL) subcutaneously. Starting on day 15 after the tumor
challenge, mice were divided into four groups and treated with PBS, 38C2-3, 38C2-4, or
38C2-5 (125 1g in 200 i of PBS) through ip injection every 5 days for a total of 8
injections per mouse. The results are shown in Figure 4A. Evidently, all three, 38C2-3,
38C2-4, and 38C2-5, inhibited tumor growth when compared to the Ab 38C2-treated control
group, but 38C2-5 had a stronger inhibitory effect than 38C2-3 or 38C2-4 had. In fact,
tumors in the 38C2-5-treated mice no longer grew, and instead started to shrink after 50 days
of treatment (0 < 0.001, 7= 6). On day 55, tumors were removed and dissected to make
frozen sections (5 m) for immunofluorescent staining, which showed that legumain and
integrin avB3 are highly expressed in the primary tumor sites (Figure 4B). CD31 staining of
tumor sections revealed that the 38C2-5 treated tumors had lower vascular density than those
in control mice, as well as the 38C2-3 or 38C2-4 treated groups (Figure 4C). The results
were consistent with the tube formation assay results /n vitro.

Classical bispecific antibody (bsAb) is a seminatural monoclonal Ab (mAb) that can mediate
superior effects compared to a monospecific mAb through binding two or more targets of
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interest.3% A variety of bsAbs have been designed and produced, yet development and large-
scale production of a high affinity bsAb for defined targets has been difficult. In contrast, the
aldolase Ab-based cp-bsAbs can be prepared on a large scale, rapidly for a variety of targets
using the AACP strategy, and they are likely to bind targets with high affinity due to the
bidentate character of the ligands and because the latter can reach deep inside the receptor
binding sites. The cp-bsAbs can also serve as a platform for combination therapy, which will
be more effective than using single agents.38 Further studies are directed to create a new Ab
space using the AACP approach in the form of cp-bsAbs, which is less likely to be occupied
by the classical Abs and bsAbs.

CONCLUSION

In summary, AACP has emerged as a unique strategy that allows rapid development of a
desired cpAb, and has been successfully used to prepare a cp-bsAb 38C2-5 that targets
legumain protease and av3 integrin. /n vitroand in vivo studies with 38C2-5, and the
related anti-legumain and anti-av33 integrin cpAbs 38C2-3 and 38C2-4, revealed that
targeting legumain protease and av/33 integrin provides an effective treatment of human
cancers. The results concur with a hypothesis that targeting two or more related pathways
may be necessary to achieve effective therapy for a complex disease like cancer that
progresses by numerous pathways.3¢ Presumably, other cell surface receptors, colocalizing
on cell surface or present on two interacting cells, could be targeted similarly using the
aldolase Ab-derived cpAbs for the therapeutic intervention and treatment of human cancers.
The AACP approach may complement classical methods where bsAbs are prepared using
antibody engineering by somatic hybridization of two different hybridomas37 or by chemical
conjugation of the Ab fragments.38
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Refer to Web version on PubMed Central for supplementary material.
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AACP aldolase antibody chemical programming
Ab antibody

Ab-PAs Ab-programming agents

AEP asparaginyl endopeptidase

cpAb chemically programmed antibody

cp-bsAb chemically programmed bispecific antibody
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FG functional group
LNK linker
RGD arginine-glycine-aspartic acid
VK vinyl ketone
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Figurel.
Structure of legumain and av/33 integrin inhibitors, the antibody programming agents, and

chemically programmed antibodies. Compounds 3-5 reacted with Ab 38C2 at 37 °C for 2—
24 h affording anti-legumain, anti-integrin cpAbs (38C2-3, 38C2-4) and cp-bsAb (38C2-5).
Compound [44] is an intermediate produced by an /n situ retro aldol reaction of compound 4
before the latter reacts with the Ab. Key: legumain and integrin inhibitors are portrayed in
green and blue, respectively.
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Figure2.

In vitro cellular assays. Flow cytometry histograms showing binding of 38C2-3, 38C2-4, and
38C2-5to (A) U87 glioblastoma, (B) Ln-CAP prostate cancer, and (C) MDA-MB-231 breast
cancer cells. 38C2-5 has a stronger cell binding affinity than 38C2-3 and 38C2-4. The 38C2
Abs and FITC-labeled goat anti-mouse secondary Abs were used as negative controls. (D)
ELISA histogram showing specific binding of 38C2-3, 38C2-4, and 38C2-5 to legumain
and/or human integrin avg3 (*p < 0.001).

Mol Pharm. Author manuscript; available in PMC 2021 August 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Liuetal.

A U87 cell proliferation assay
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Figure 3.

Ab 38C2

38C2-3

38C2-4

38C2-5

In vitro cell proliferation and tube formation assays. (A) A line graph showing the
proliferation of human U87 cells treated with Ab 38C2, cpAbs 38C2-3 and 38C2-4, and cp-
bsAb 38C2-5 (left) (38C2-5 vs 38C2-3, p< 0.001; 38C2-5 vs 38C2-4, p< 0.001).
Microscope image showing morphology of the human U87 cells on day 6 after cells were
treated with Ab 38C2 or the chem-Abs (right). (B) 38C2-3, 38C2-4, and 38C2-5 inhibit
HUVEC tube formation /n vitro (left). Tube formation was quantified by comparing pixel
tube number in each image by using the NIH Image program (right). The experiments were
repeated three times. (38C2-5 vs 38C2-3, p< 0.001; 38C2-5 vs 38C2-4, p< 0.001.) Data are

represented as mean + SEM.
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A MDA-MB-231 tumor model
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Figure4.
In vivotumor growth study. (A) Inhibition of primary MDA-MB-231 tumor growth by

38C2-5. Nude mice were treated with 125 yg of 38C2, 38C2-3, 38C2-4, or 38C2-5 on day
15, 20, 25, ..., 50 after 15 days of MDA-MB-231 carcinoma challenge. Primary tumor
volumes were measured by micro caliper measurements (volume = (1/2)(width)? x length)
(n =6 mice per group (38C2-5vs 38C2-3, p< 0.01; 38C2-5 vs 38C2-4, p< 0.01)). (B)
Immunofluorescence staining of MDA-MB-231 tumor tissue. Legumain and integrin av3
are localized on MDA-MB-231 tumor cell surface. (C) Microvascular density quantified on
tumor sections. Five sections from each mice and 4 mice from each treated group were
examined. Number of microvessels per mm?2 was counted under a light microscope.
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Scheme 1. Production of a cpAb or cp-bsAb by Aldolase Ab Programming (AACP) Strategy
Using a Fully Functionalized Antibody-Programming Agent (Ab-PA) or Precur sors?

4Ab PA or a functionalized linker (* stands for two different linker-functional groups) that
can react covalently through a g-lactam (L) function with reactive lysine residues in the
aldolase Ab binding sites yielding cpAb, cp-bsAb, and cpAb intermediates. CpAb
intermediates further react with compounds (comp1/2) affording a cpAb or cp-bsAb. Linkers
and Ab PAs can also react with Ab through the S-diketone (DK) or vinylketone (VK)
function. (Ab, antibody. PA, programming agent: a compound fully functionalized with
lactam, vinyl ketone, or diketone linker. LNK, linker. FG, functional group.).

1duosnuepy Joyiny

1duosnuely Joyiny

Mol Pharm. Author manuscript; available in PMC 2021 August 05.



	Abstract
	INTRODUCTION
	RESULTS AND DISCUSSION
	CONCLUSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Scheme 1.

