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ABSTRACT
Conditionally active COBRA™ (COnditional Bispecific Redirected Activation) T cell engagers are engineered 
to overcome the limitations of inherently active first-generation T cell engagers, which are unable to 
discern between tumor and healthy tissues. Designed to be administered as prodrugs, COBRAs target cell 
surface antigens upon administration, but engage T cells only after they are activated within the tumor 
microenvironment (TME). This allows COBRAs to be preferentially turned on in tumors while safely 
remaining inactive in healthy tissue. Here, we describe the development of the COBRA design and the 
characterization of these conditionally active T cell engagers. Upon administration COBRAs are engi-
neered to bind to tumor-associated antigens (TAAs) and serum albumin (to extend their half-life in 
circulation), but are inhibited from interacting with the T cell receptor complex signaling molecule CD3. 
In the TME, a matrix metalloproteinase (MMP)-mediated linker cleavage event occurs within the COBRA 
construct, which rearranges the molecule, allowing it to co-engage TAAs and CD3, thereby activating 
T cells against the tumor. COBRAs are conditionally activated through cleavage with MMP9, and once 
active are highly potent, displaying sub-pM EC50s in T cell killing assays. Studies in tumor-bearing mice 
demonstrate COBRA administration completely regresses established solid tumor xenografts. These 
results strongly support the further characterization of the novel COBRA design in preclinical develop-
ment studies.
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Introduction

Monoclonal antibodies have transformed the field of cancer 
therapeutics through their ability to precisely target specific 
proteins on the surface of tumor cells. Efforts to increase the 
activity of these drugs have included engineering antibody 
binding sites to increase affinity to their target antigens, as 
well as conjugation of antibodies to potent cytotoxins for 
targeted delivery to tumor cells.1−7 In addition to their selective 
recognition of individual proteins on tumor cells, antibodies 
can also induce immune-mediated destruction of these 
cells.8-11 Engineering antibodies to enhance their ability to 
recruit a cytotoxic immune response has proven to be an 
effective strategy for increasing their potency.

Bispecific antibodies that engage T cells possess two distinct 
binding sites, one specifically targets an antigen on the surface 
of the tumor cell and the other binds an activating receptor on 
the surface of a T cell. The first therapeutic molecules of this 
type, called bispecific T cell engagers, have proven to be very 
potent in directing cytotoxic T cell responses to specific target 
cells both in vitro and in vivo.12-15 When the selected target 
antigen is only expressed on tumor cells and non-essential 
normal cells, this strategy has produced very potent therapeutic 
molecules like blinatumomab, which targets the CD19 antigen 
on the surface of certain B cell leukemias (and normal 
B cells).16-18

The application of this strategy to the treatment of solid 
tumors has been more challenging because most solid tumor 
antigens are also expressed on essential normal cells.19-23 

Compounding this issue is the need to deliver higher dose 
levels to patients with solid tumors due to the high interstitial 
pressure and poor penetration of therapeutics into the 
tumors.24-26 Thus, it may not be possible to deliver doses that 
would be efficacious in patients with cancer if the therapeutic 
also targets cytotoxic T cell responses to normal cells expres-
sing solid tumor antigens. Strategies to address this problem 
have included designing bispecific T cell engaging prodrugs 
that can be selectively activated in the tumor micro- 
environment (TME). Several physiological features of the 
TME set it apart from most normal tissues. For example, 
disorganized tissue growth in a tumor can lead to an anoxic 
environment with a lower extracellular pH.27-32 In addition, 
rapid cell division in a tumor is often associated with increased 
extracellular matrix remodeling and increased proteolysis.33,34 

Due to dysregulated gene expression, tumors also frequently 
co-express cell-surface antigens that are not co-expressed on 
normal tissues. To exploit these characteristics of the TME, 
antibodies have been engineered to bind preferentially at low 
pH or to bind only in the presence of aptamers activated under 
hypoxic conditions.35-37 Other groups have designed protease- 
activated, bispecific T cell engagers either using masks attached 
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via protease-cleavable linkers to block one or both of the anti-
body binding sites or employing protein domain complemen-
tation and Boolean logic gating to ensure bispecific activation 
only in the presence of two different tumor antigens.38-40

The approach taken in this study was to separate the active 
domains of the T cell binding site from each other such that 
CD3 binding by the prodrug is impaired, and to use the func-
tional tumor-targeting domains in the bispecific to accumulate 
these molecules on the surface of tumor cells. These prodrugs 
can then be selectively activated in the protease-rich TME and 
rearrange to become active T cell engagers while remaining as 
inactive prodrugs in normal tissues, which have less proteolytic 
activity. Linkers sensitive to matrix metalloproteases (MMPs), 
especially MMP2 and MMP9, were chosen as the activation 
switches in these molecules due to the ubiquitous expression of 
these proteases in tumors and their tight regulation in normal 
tissues.41-44 Another important consideration in the design of 
these molecules was to minimize the loss of potency in the 
underlying T cell bispecific while maximizing the conditional-
ity of the prodrug. Finally, the serum half-life of the activated 
drug was designed to be reduced relative to the prodrug in 
order to broaden the therapeutic index of the resulting 
molecules.

Results

Hemi-COBRA structure and MOA

To generate conditional T cell engagers, the two variable 
domains of an active anti-CD3ε single-chain variable fragment 
(scFv) were placed into two separate molecules termed hemi- 
COBRAs. Each of these active domains (Vh or Vl) was attached 
to a C-terminal complementary inactivated variable domain 
(Vli or Vhi) connected by a protease-cleavable scFv linker to 
stabilize the protein. A tumor-targeting single domain anti-
body (sdAb) was added to the N-terminus of each active anti- 
CD3 variable domain and an anti-human serum albumin 
(HSA) sdAb was added to the C-terminus of each inactive anti- 
CD3 domain. Each of the molecules in a complementary pair 
was designed to have an extended serum half-life due to its 
C-terminal anti-HSA sdAb and bind a target antigen on 
a tumor cell using its N-terminal sdAb. The ability of the anti- 
HSA sdAb to extend the serum half-life of protein molecules to 
which it is linked is well established.45,46 Once bound to 
a cellular target the hemi-COBRAs were designed not to bind 
CD3 and activate T cells until proteolytic cleavage of the scFv 
linker. Upon cleavage, the inactive anti-CD3 scFvs can subse-
quently domain exchange to create an active CD3 binding site 
tethered to the surface of the tumor cell (Supplemental 
Figure 1). In addition, having lost the downstream HSA bind-
ing sdAb, these active molecules should have a reduced serum 
half-life should they escape the TME or form in the periphery. 
Since the TME is known to be enriched for a subset of activated 
proteases relative to normal tissues, activation of hemi- 
COBRAs by these proteases should favor T cell-mediated 
tumor killing over T cell-mediated toxicity in normal tissues.

To test this strategy, complementary pairs of hemi-COBRAs 
were produced (Figure 1a). The first pair of hemi-COBRAs 
(Pro268, Pro60) used an anti-epidermal growth factor receptor 

(anti-EGFR) sdAb as the tumor-targeting domain. The inactive 
anti-CD3 domains (Vhi, Vli) were created by substituting part 
or all of the normal CDR2 region with the Flag sequence 
(DYKDDDDK). The inactive anti-CD3 domains were attached 
to their complimentary active anti-CD3 domains using 
MMP2/9 cleavable scFv linkers (15aa long). The non- 
cleavable hemi-COBRA pair (Pro428, Pro271) had the same 
structure, but the MMP2/9 cleavable scFv linkers were replaced 
with standard, non-cleavable scFv linkers. The non-tumor- 
targeting hemi-COBRA pair (Pro266, Pro267) used an anti- 
hen egg lysozyme (αHEL) sdAb in place of the anti-EGFR 
sdAbs in Pro268 and Pro60. A final pair of hemi-COBRAs 
(Pro53, Pro77) used more conservative germline reversion 
mutations to create the inactive anti-CD3 domains (GL3, 
GL). Pro51 was constructed as a T cell-engaging positive con-
trol using the anti-EGFR sdAb linked to a fully active CD3 
binding scFv followed by an anti-HSA sdAb. Pro98 was con-
structed as a non-tumor binding negative control by substitut-
ing the anti-HEL sdAb for the tumor-targeting anti-EGFR 
sdAb in Pro51 (Figure 1b).

In vitro activity of complementary Hemi-COBRA pairs

Initial studies tested the binding of the uncleaved molecules to 
EGFR-expressing HT-29 cells and CD3-expressing Jurkat cells 
(Supplemental Figure 2). As expected, the molecules carrying 
the anti-EGFR sdAb bound to HT-29 tumor cells, whereas the 
molecules with the anti-HEL sdAb did not. Likewise, the two 
control molecules with active anti-CD3-binding scFvs bound 
to the Jurkat T cell line, but the hemi-COBRAs did not. Each of 
the molecules was tested for its binding affinity to human 
EGFR, human CD3ε and HSA via biolayer interferometry 
(Octet) (Supplemental Figure 3a-j). All molecules possessing 
the anti-EGFR sdAb bound to human EGFR with a KD from 
1–3 nM. None of the molecules with an anti-HEL sdAb showed 
detectable binding to EGFR. None of the hemi-COBRAs 
showed binding to human CD3ε, whereas the control mole-
cules with an active anti-CD3 scFv bound CD3ε with an affinity 
close to 5 nM. Each of the intact molecules bound HSA with an 
affinity of around 10 nM.

To test the activity of cleaved hemi-COBRAs, the molecules 
were treated with purified human MMP9 and cleavage of the 
scFv linker was assessed by sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) (Figure 2). 
Hemi-COBRAs with the MMP9 cleavable linker were cleaved 
predominantly into two protein fragments of the expected 
sizes, whereas the hemi-COBRAs bearing the non-cleavable 
linkers were not affected by the MMP9 treatment. The ability 
of complementary hemi-COBRAs to create CD3 binding sites 
following MMP9 activation was demonstrated using 
a sandwich enzyme-linked immunosorbent assay (ELISA). 
Hemi-COBRAs or controls were bound to immobilized 
human EGFR, after which the binding of human CD3ε was 
assessed. Cleaved Pro268 only showed CD3ε binding when it 
was mixed with cleaved Pro60 (Figure 3a). Neither hemi- 
COBRA alone (cleaved or uncleaved) showed CD3ε binding, 
and the mixture of the two uncleaved molecules failed to create 
CD3ε binding sites. The Pro53 + Pro77 hemi-COBRA pair 
showed similar activity, although the inactivation of the anti- 
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CD3 domains was less complete than seen with the Flag inac-
tivated domains. When mixed, uncleaved Pro53 + Pro77 
showed a low level of CD3ε binding that was substantially 
increased upon MMP9 cleavage (Figure 3b). Neither molecule 
showed CD3ε binding on its own, either cleaved or uncleaved. 
The need for complementary, activated hemi-COBRAs was 
shown by mixing cleaved Pro268 with cleaved Pro53 and 
cleaved Pro60 with cleaved Pro77. Neither of these mixtures 
contain complementary active anti-CD3 (Vh + Vl) and neither 
mixture showed significant CD3ε binding (Figure 3c).

Similar results were achieved using a sandwich fluores-
cence-activated cell sorting (FACS) assay on EGFR- 
expressing HT-29 cells. CD3ε binding sites were created on 
the surface of these EGFR-expressing cells when cleaved 
Pro268 + Pro60 were bound to the cells, but not when the 
uncleaved molecules were bound (Figure 4a). Similarly, cleaved 
Pro53 created a substantial number of CD3ε binding sites 
when mixed with cleaved Pro77, even though the uncleaved 
mixture showed no CD3ε binding (Figure 4b). Figure 4b also 

shows that while the complementary hemi-COBRA pairs 
demonstrate conditional binding to CD3ε, they have gained 
this conditionality by sacrificing some potency relative to 
a constitutive T cell engager like Pro51.

The EGFR-binding hemi-COBRA pair, Pro268 + Pro60, was 
then tested for its ability to induce primary human T cells to lyse 
HT-29 cells in vitro in a T cell-dependent cellular cytotoxicity 
(TDCC) assay. Only after MMP9 cleavage was the pair able to 
efficiently induce TDCC activity. The uncleaved hemi-COBRA 
pair showed at least 500-fold less potency in this assay and had 
similar activity to the non-tumor-targeting control and the non- 
cleavable hemi-COBRA pair (Figure 5a). Comparable results 
were seen with the hemi-COBRA pair carrying the germline 
inactivated anti-CD3 domains (Pro53/Pro77 in Figure 5b). In 
both cases the activated hemi-COBRA pairs showed reduced 
potency compared to the fully active control (Pro51). 
Analogous results were generated using LoVo cells as the EGFR- 
expressing target cell line (Figure 5c,d). Comparing the potencies 
of the cleaved hemi-COBRA pairs in TDCC assays on HT-29 

Figure 1. Molecular schematics.  
a. Hemi-COBRAs were constructed with an N-terminal antigen binding sdAb (anti-EGFR or anti-HEL) connected via a (G4SG3 S) linker to an inactive anti-CD3ε scFv, 

comprised of an active CD3 binding domain (VH or VL) connected to an inactive CD3 binding domain (VLi or VHi) using either a cleavable (SGGPGPAGMKGLPGS) or a non- 
cleavable (G4S)3 scFv linker. At the C-terminus of each hemi-COBRA is a His6-tagged anti-HSA sdAb connected by a (G4SG3 S) linker.b. T cell engaging positive controls 
were constructed with an N-terminal antigen binding sdAb (anti-EGFR or anti-HEL) connected via a (G4SG3 S) linker to an active anti-CD3ε scFv with a (G4 S)3 non- 
cleavable scFv linker. At the C-terminus of each hemi-COBRA is a His6-tagged anti-HSA sdAb connected by a (G4 SG3 S) linker.
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cells, 72 pM for Pro268 + Pro60 and 22 pM for Pro53 + Pro77, 
with their ability to generate CD3-binding sites on these cells as 
measured by FACS demonstrates that efficient T cell killing is 
engendered at a very low level of receptor occupancy.

Structure and MOA of full-length COBRAs

Having shown that the separated active anti-CD3 heavy chain 
and light chain domains can assemble on the surface of tumor 
cells to promote T cell killing, we attempted to design 

a therapeutic that would combine the two hemi-COBRAs 
into a single molecule with similar properties as a hemi- 
COBRA pair. This was done by creating constrained active 
and inactive anti-CD3 scFvs with short linkers (8aa) that pre-
vented the heavy chain and light chain variable domains from 
pairing. The full-length COBRA (MVC-101) was designed 
such that the constrained, active anti-CD3 domains were 
flanked on both sides by tumor-targeting sdAbs at the 
N-terminus of the molecule. The MMP9 cleavable linker was 
used to separate this fragment from the Flag-inactivated anti- 

Figure 2. Cleaved vs uncleaved hemi-COBRAs – SDS-PAGE.  
Activated recombinant human MMP9 was incubated with hemi-COBRAs overnight. The resulting cleavage products were assessed by SDS-PAGE and compared to 

hemi-COBRAs not incubated with MMP9. Molecular weight markers are indicated.

Figure 3. Sandwich ELISA of intact and cleaved hemi-COBRAs.  
The formation of active CD3 binding sites by hemi-COBRAs was assessed in an ELISA assay using immobilized EGFR and biotinylated recombinant CD3ε and 

streptavidin-HRP. Absorbance at 650 nm reflects the level of CD3ε binding.
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Figure 4. Sandwich FACS of intact and cleaved hemi-COBRAs.  
The formation of active CD3 binding sites formed by hemi-COBRAs on the surface of EGFR-expressing cells was assessed by flow cytometry. Binding of biotinylated 

recombinant CD3ε and streptavidin-AF647 is reported as mean fluorescence intensity (MFI).

Figure 5. Hemi-COBRA TDCC.  
Mixtures of uncleaved and MMP9-cleaved hemi-COBRAs were tested in T cell dependent cellular cytotoxicity (TDCC) assays with primary human pan-T cells and HT-29 

(A, B) or LoVo (C,D) tumor cells expressing luciferase. Tumor cell viability is indicated by relative luminescence units (RLU). EC50 values for Pre-cleaved Pro268+ Pro60, 
cleaved Pro53+ Pro77, and Pro51 are indicated below. Accurate EC50 values could not be calculated for other COBRAs. In both tumor cell lines, the fully active control 
Pro51 and mixtures of cleaved, complementary hemi-COBRAs (Pro268+ Pro60 and Pro53+ Pro77) were at least 500-fold more potent than non-EGFR binding Pro98 and 
mixtures of uncleaved or non-cleavable hemi-COBRAs.

Figure 6. Schematics of full-length COBRAs.  
Full length COBRAs were constructed by creating a constrained anti-CD3 scFv with a short (G3 S)2 linker that served to keep the active anti-CD3 VH and VL domains from 

pairing to create a functional scFv. This constrained scFv was flanked on either side by anti-EGFR sdAbs linked by (G3 S)2 linkers. MVC-101 utilized an MMP9-cleavable 
linker (SGGPGPAGMKGLPGS) to join a second constrained scFv with a short (G3 S)2 linker that kept the inactivated anti-CD3 VLi and VHi domains from aligning to create 
a paired scFv. This structure was designed to force the COBRA to form a single chain diabody.47 A His6-tagged, anti-HSA sdAb was attached to the C-terminus to provide 
extended serum half-life. A non-cleavable (G4 S)3 linker was used to replace the MMP9 linker in MVC-101 to create the non-cleavable control, MVC-NCL.
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CD3 domains, followed by the anti-HSA sdAb at the 
C-terminus of the molecule (Figure 6). Following cleavage by 
MMP9, two active fragments could dimerize on the tumor cell 
surface to create two CD3 binding sites with four target bind-
ing sdAbs, as diagrammed in Supplemental Figure 4. This 
model is supported by size exclusion chromatography com-
bined with multi-angle light scattering (SEC-MALS) showing 
that expression of MVC-101 produces a single peak with 
a molecular weight of 93 kDa, as expected for a monomeric 
protein folded into a single isoform. In contrast, the isolated 
active fragment (adMVC101) produces a dominant peak with 
a molecular weight of 113 kDa, which is consistent with 
a homodimeric active domain (Figure 7).

In vitro activity of full-length COBRAs

The affinities of the binding sites within the full-length 
COBRAs for their target antigens were measured by Octet. 
The two anti-EGFR sdAbs in MVC-101 appeared to bind in 
a concerted fashion to human EGFR, producing an apparent 
affinity of 330 pM, as compared to the 3 nM binding affinity 
observed with the individual hemi-COBRAs. Importantly, 
binding to human CD3ε was not detected (Supplemental 
Figure 5a). Similar results were obtained with the non- 
cleavable control, MVC-NCL (Supplemental Figure 5b). In 
contrast, the recombinantly expressed active dimer, adMVC- 
101, showed even stronger binding to human EGFR with an 
apparent affinity 54 pM and an apparent affinity for human 
CD3ε of 58 pM (Supplemental Figure 5c). The binding affi-
nities of MVC-101, MVC-NCL, and adMVC-101 to non- 
human primate antigens, rhesus EGFR, cynomolgus CD3ε, 
and cynomolgus serum albumin were within 3-fold of their 
affinities to the respective human antigens (Supplemental 
Figure 5d-f). Neither MVC-101 nor MVC-NCL showed detect-
able binding to mouse EGFR or mouse CD3ε, but did bind 
mouse serum albumin, which is expected to promote half-life 
extension in mouse models (Supplemental Figure 5g,h).

Cleavage of MVC-101 with either MMP2 or MMP9 pro-
duced the expected size fragments on an SDS-PAGE gel, 
whereas MVC-NCL was unaffected by MMP2 or MMP9 
(Supplemental Figure 6). Interestingly, MVC-101 did not 
rapidly dissociate into its component parts in solution follow-
ing cleavage with MMP9, as shown by size exclusion chroma-
tography (Supplemental Figure 7). However, the cleavage 
fragments do dissociate slowly at 4°C (data not shown).

The MVC-101 monomer can simultaneously bind both 
EGFR and HSA as shown by SEC analysis (Supplemental 
Figure 8a). The MMP9 cleavage site remains accessible to 
MMP9 after the complex is formed as evident in the SDS 
PAGE gel of the COBRA treated with MMP9 in the presence 
of HSA and EGFR (Supplemental Figure 8b). Thus, the protein 
folds in such a manner that efficient target binding and pro-
tease cleavage are maintained.

The full-length COBRAs were evaluated for their ability to bind 
EGFR-expressing cells via FACS. All molecules bound HT-29 cells 
and LoVo cells in a dose-dependent manner (Supplemental Figure 
9a). When the cell-bound, full-length COBRAs were tested for 
CD3ε binding, only the active dimer, adMVC-101, showed sig-
nificant binding (supplemental Figure 9b).

The potencies of these molecules were measured in TDCC 
assays against EGFR-expressing cells. Using HT-29 cells as 
targets, the potency of pre-cleaved MVC-101 was similar to 
the potency of the adMVC-101 dimer. These data support the 
hypothesis that pre-cleaved MVC-101 efficiently rearranged to 
produce the active dimer on the surface of target cells. 
Uncleaved MVC-101 showed significantly less potency than 
the pre-cleaved MVC-101, but higher activity than the non- 
cleavable control, MVC-NCL (Figure 8a). The TDCC activity 
of uncleaved MVC-101 was reduced by the addition of the 
specific MMP inhibitor batimastat to the defined serum-free 
TDCC media, demonstrating that MVC-101 was being acti-
vated by MMP activity generated by the cells during the assay 
(Figure 8b). Similar results were obtained when LoVo was used 
as the target cell line in the assay (Figure 8c,d).

Figure 7. SEC-MALS analysis of MVC-101 and adMVC-101.  
Proteins were injected on a size exclusion column attached to HPLC system with multi-angle scattering detector. MVC-101 elutes as a single symmetrical peak 

indicating a folded molecule. adMVC-101 has one major peak on SEC elution profile. Molecular weight analysis by MALS shows that MVC-101 is a monomer with MW of 
about 93 kDa, which is close to the predicted molecular weight of 94 kDa. The adMVC-101 is a dimer with MW of about 113 kDa, which is close to the predicted 
molecular weight of 109 kDa for the dimer.
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Pharmacokinetics and COBRA-mediated regression of 
established solid tumors in mice

Next, the stability of MVC-101 was evaluated in vivo. To mea-
sure the pharmacokinetics of COBRAs in mice, MVC-101 and 
MVC-NCL were dosed intravenously (i.v.) at 500 µg/kg. The 
plasma exposure of MVC-101 and MVC-NCL were found to be 
very similar, with a serum half-life of 18 hours for MVC-101 and 
22 hours for MVC-NCL (Supplemental Figure 10). This demon-
strates that inclusion of the MMP9 cleavable linker in MVC-101 
did not substantially affect its serum stability. In addition, the PK 
assay measures only full-length prodrug and not the active 
dimer, suggesting that little cleavage of MVC-101 occurred in 
the blood. Given that the affinity of the anti-HSA sdAb to HSA is 
about 10-fold greater than its affinity to mouse serum albumin, 
the ability of the anti-albumin domain to extend the half-life of 
COBRAs in human serum may be even greater.

To test the ability of MVC-101 to be activated in vivo and 
regress established solid tumors in mice, the COBRAs were 
administered every three days for a total of seven doses to NSG 
mice bearing established HT-29 tumors. Primary human 
T cells were injected via a single i.v. injection upon COBRA 
dose initiation. In animals dosed with the non-cleavable con-
trol, MVC-NCL, at 300 µg/kg, the tumors grew at a consistent 
rate over the course of the study, similar to that of the negative 
control molecule, the HEL-targeted Pro98. In contrast, in ani-
mals dosed with MVC-101 at 300 μg/kg, complete tumor 

regressions were observed (Figure 9). These experiments 
demonstrate that proteolytic cleavage of COBRAs is necessary 
to achieve tumor regressions in mice and that MVC-101 can be 
efficiently activated in vivo to produce complete tumor regres-
sions at very modest doses.

Figure 8. TDCC with full-length COBRAs.  
The ability of full-length COBRAs to induce T cell lysis of HT-29 (A,B) and LoVo (C,D) tumor cells was evaluated in T cell dependent cellular cytotoxicity (TDCC) assays 

with human pan-T cells and tumor cells expressing luciferase. Pre-cleaved MVC-101 and adMVC-101 showed similar sub-picomolar activity, indicating that pre-cleaved 
MVC-101 efficiently rearranges into the active dimer on the cell surface. The non-cleavable MVC-NCL was at least 500-fold less active. Addition of the specific MMP 
inhibitor batimastat (B,D) further reduced the activity of uncleaved MVC-101 close to that of the non-cleavable control.

Figure 9. MVC-101 regresses established solid tumors in mice.  
HT-29 colorectal tumors were implanted in NSG mice. Once tumors were 

established, expanded human T cells were implanted IV. Test articles were 
administered IV every 3 days for a total of 7 doses.
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Discussion

Bispecific T cell engagers have proven very effective at generat-
ing potent immune responses toward cells expressing specific 
target antigens. The challenge in developing these molecules as 
therapeutics for the treatment of solid tumors is to selectively 
direct their activity toward tumor cells and away from essential 
normal cells. Complementary pairs of hemi-COBRAs can 
achieve this selectivity by efficiently binding to cells expressing 
the target antigen, and only rearranging to become active T cell 
engagers after cleavage by proteases that are enriched in the 
tumor microenvironment. This selective rearrangement favors 
the accumulation of active CD3 binding domains on tumor 
cells since they are tethered to the cell surface via their target- 
binding sdAbs. This intermolecular rearrangement also 
releases the inactive anti-CD3 scFv domains and the half-life 
extension elements from the cell surface since they are no 
longer connected to the tumor-targeting domain, effectively 
making this an irreversible reaction.

The hemi-COBRA strategy achieves its primary goal of 
focusing T cell killing to the protease-rich TME, but it also 
creates several complications for the development of 
a therapeutic. Achieving similar concentrations of the two 
hemi-COBRAs on the surface of the tumor cells can be chal-
lenging unless the pharmacokinetic and pharmacodynamic 
properties of the two molecules are very similar in each patient. 
These features can be difficult to engineer. In addition, the 
conditional activity of the hemi-COBRAs is achieved at the 
expense of their potency, so larger doses would need to be 
administered to achieve the desired efficacy. Finally, the pro-
duction and development of two proteins as a single therapeu-
tic dramatically increases the manufacturing and regulatory 
complexity of the final product.

Combining the conditional activity and tumor targeting of 
a hemi-COBRA pair into a single molecule addresses these chal-
lenges. The full-length COBRA uses a linker that is sensitive to 
proteases that are enriched in the TME to separate an active 
fragment containing two tumor-targeting sdAbs and the con-
strained active anti-CD3 domains from the inactivating fragment 
that contains the constrained inactive anti-CD3 domains and the 
half-life extension element (HLE). This sequence arrangement 
produces a protein that stably folds into a structure that binds to 
the tumor target with high avidity but does not bind to the CD3 
complex on T cells. Cleavage of this prodrug in vitro with a tumor- 
associated protease, MMP9, increases its potency in a TDCC assay 
by more than 500-fold compared to the non-cleavable control, 
demonstrating the conditional nature of the prodrug. The full- 
length COBRAs also have increased molar potency compared to 
the hemi-COBRA pair due to avidity of the two target-binding 
sdAbs in the active domain.

When injected into mice harboring primary human T cells, 
COBRAs with MMP2/9 cleavable linkers completely regress 
established human tumors at modest doses. In contrast, 
COBRAs with non-cleavable linkers do not induce tumor 
regression. This demonstrates that the prodrug is efficiently 
processed in vivo to create active and targeted T cell engagers. 
Since the anti-EGFR sdAbs do not cross-react to murine EGFR, 
the selectivity of COBRA activation in tumor tissues as com-
pared to normal tissues cannot be estimated. Experiments 

employing mouse cross-reactive COBRA constructs are cur-
rently underway to determine the degree of selectivity afforded 
by the MMP cleavable linker. Separating the active T cell- 
engaging fragments from their HLEs after protease cleavage 
also reduces the serum half-life of the active domains and limits 
their ability to migrate to normal tissues and cause on-target, 
off-tumor toxicity.

Since the two tumor-targeting sdAbs in the active fragment 
bind to their antigen in a concerted fashion, another potentially 
useful feature of the full-length COBRA format that has not been 
explored in this study is the ability to target two different tumor 
antigens with the same COBRA. Selecting a pair of tumor anti-
gens that are expressed on the same tumor, but not co-expressed 
on the same normal cells may allow the construction of COBRAs 
with an improved safety profile. To achieve this goal, the affi-
nities of tumor-targeting sdAbs could be engineered to be low so 
as not to target normal cells expressing either antigen individu-
ally, but rely on the avidity of the COBRA to tumor cells co- 
expressing both antigens to selectively drive their destruction.

Alternatively, COBRAs that target two different tumor anti-
gens could address the problem of acquired resistance due to 
the heterogeneous nature of protein expression within human 
tumors.48-53 To address this problem, COBRAs would contain 
two tumor-targeting sdAbs, each of which is able to induce 
potent T cell engagement alone. Such molecules would exert 
anti-tumor activity on tumor cells that express either antigen, 
and, as a result, would be expected to have activity on a broader 
range of tumors cells than COBRAs that target a single antigen. 
This strategy may be especially effective when the two antigens 
are overexpressed on tumors relative to normal tissues, which 
would reduce the potential toxicity of a COBRA targeting two 
tumor antigens. This approach would be very valuable for 
directing T cell killing to variant tumor cells that have lost 
expression of either target antigen and for reducing tumor 
relapse in the situation where expression of either or both 
antigens is heterogeneous on cells within the tumor.

Materials and methods

Cells

Cell lines were purchased from ATCC: HT-29 colorectal cell line, 
LoVo colorectal cell line, and Jurkat T cell leukemia cell line. 
Cells were propagated in the media recommended by the vendor, 
supplemented with 10% fetal bovine serum (FBS). Human pan-T 
cells were isolated from fresh leukopaks (Stemcell Technologies, 
#70500) using an immunomagnetic negative selection kit 
(Stemcell Technologies, 17951). Cells were analyzed on FACS 
for purity and viability and frozen into single use vials.

Recombinant proteins

COBRA molecules and recombinant proteins generated at 
Maverick were produced via transient transfection using the 
Expi-293 system (ThermoFisher Scientific) and were purified 
by Protein A or Ni-affinity chromatography using standard 
techniques. A fusion protein containing the extracellular 
domain of human EGFR (amino acids 26–645), a Factor Xa 
cleavage site, and human IgG1 Fc was expressed in mammalian 
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cells and purified by standard Protein A purification. 
Subsequently, the fusion protein was cleaved with Factor Xa 
(New England Biolabs), and the Fc was removed with Protein 
A sepharose to yield monomeric recombinant EGFR protein 
that was used in the sandwich ELISA. Biotinylated recombinant 
CD3ε was purchased from Acrobiosystems and Streptavidin- 
AF647 was purchased from ThermoFisher Scientific.

Cleavage of hemi-COBRA molecules

MMP9 (R&D Systems) was activated with 1 mM APMA 
(Sigma) overnight at 37°C, after which the activated enzyme 
was incubated with hemi-COBRA molecules at a 1:200 molar 
ratio overnight at room temperature. Cleavage was confirmed 
by subjecting approximately 1 µg of cleaved and uncleaved 
molecules to SDS-PAGE and staining with InstantBlue 
Coomassie stain (Expedeon).

Sandwich ELISA

Recombinant EGFR protein was immobilized on Immulon 
4HBX plates (VWR) at 1 µg/mL in 0.2 M carbonate buffer, 
pH 9, after which the plates were blocked with SuperblockTM 

(ThermoFisher Scientific). After washing the plates several 
times with phosphate-buffered saline (PBS) containing 0.05% 
Tween 20 (PBS/T), uncleaved or cleaved hemi-COBRAs, 
diluted in PBS/T, were then added to the plates and incubated 
for 2 hours. The plates were then washed with PBS/T, after 
which biotinylated recombinant CD3ε (0.5 µg/mL in PBS/T) 
was added for 2 hours, followed by another wash in PBS/T and 
a 1 hour incubation with streptavidin-HRP (ThermoFisher 
Scientific), diluted 1:10,000 in PBS/T. The plates were washed 
in PBS/T and were developed with TMB (VWR), followed by 
the addition of 650 nm stop solution (VWR). The plates were 
read on a SpectraMax M2 (Molecular Devices) at 650 nm, and 
the data were analyzed using GraphPad Prism version 7.05 for 
Windows (GraphPad Software).

Sandwich FACS

HT-29 cells were removed from the flask with 20 mM ethyle-
nediaminetetraacetic acid (EDTA) in PBS, washed once with 
RPMI+10% FBS and once with PBS+10% FBS, after which the 
cells were resuspended in a solution of hemi-COBRAs, diluted 
in PBS+1% FBS. Cells were incubated for 30 minutes on ice, 
after which unbound hemi-COBRAs were removed by several 
washes in PBS+1% FBS. Cells were then incubated with bioti-
nylated recombinant CD3ε (100 nM in PBS+1% FBS) for 
30 minutes on ice, washed in PBS+1% FBS, then incubated 
for 30 minutes on ice with streptavidin-AF647, diluted to 2 µg/ 
mL in PBS+1% FBS. Cells were washed several times in PBS 
+1% FBS, after which flow cytometry was performed on 
a CytoFlex LX (Beckman Coulter). The data were analyzed 
using Flow Jo (BD Biosciences) and GraphPad Prism version 
7.05 for Windows (GraphPad Software).

TDCC assays

Tumor cell lines (HT-29 and LoVo) were engineered to 
constitutively express firefly luciferase. Cells were removed 
from the flask with TrypLE Express, centrifuged and resus-
pended in culture medium. The culture medium for hemi- 
COBRA TDCC assays was RPMI + 10% FBS (Gibco); for 
TDCC assays using full-length COBRAs, all steps were per-
formed in defined AIM-V media (Gibco) with or without 
the addition of 2 µM batimastat (Selleckchem). Purified 
human pan T cells were also thawed, centrifuged, and 
resuspended in culture medium. Tumor cells and T cells 
were counted and mixed together at a ratio of 1:10, respec-
tively. The co-culture of cells was then added to the wells of 
a 384-well assay plate. Serial dilutions of COBRAs were 
prepared separately in culture medium and transferred to 
the assay plate. Cells were incubated at 37°C for 48 hours, 
after which luciferase levels were measured using an 
Envision luminometer (Perkin Elmer) by adding an equal 
volume of SteadyGlo (Promega). Data were analyzed using 
GraphPad Prism version 8.3.1 for MacOS (GraphPad 
Software).

In vivo efficacy and PK

NSG mice (The Jackson Laboratory) were implanted with 
tumor cell lines subcutaneously. Human T cells were isolated 
from leukopak via negative selection (StemCell Technologies) 
and expanded utilizing G-Rex technology (Wilson Wolf) in 
combination with T cell expansion/activation beads (Miltenyi). 
Once tumor growth was established, mice were randomized 
into groups (N = 6) based on tumor volume, expanded human 
T cells were implanted i.v. and test articles were dosed as 
indicated. Tumor volume was assessed by caliper measure-
ment. To assess pharmacokinetics, test articles were adminis-
tered i.v. into NOD-SCID mice (The Jackson Laboratory) and 
blood was collected and processed to plasma as indicated. Each 
dosing group included 3 animals. Plasma concentration was 
determined by MSD assay using anti-idiotype antibody as 
capture, and anti-His detection.

Abbreviations

COBRA Conditional Bispecific Redirected Activation 
TME Tumor microenvironment 
TAA Tumor-associated antigens 
MMP Matrix metalloproteinase 
scFv Single-chain variable fragment 
sdAb Single domain antibody 
CD3 Cluster of differentiation 3 
HSA Human serum albumin 
EGFR Epidermal growth factor receptor 
HEL Hen egg lysozyme 
SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
ELISA Enzyme-linked immunosorbent assay 
TDCC T cell-dependent cellular cytotoxicity assay 
FACS Fluorescence-activated cell sorting 
SEC Size exclusion chromatography 
MALS Multi-angle light scattering 
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PK Pharmacokinetics 
HLE Half-life extension element 
i.v. Intravenously 
FBS Fetal bovine serum 
APMA 4-Aminophenylmercuric acetate 
PBS Phosphate-buffered saline 
EDTA Ethylenediaminetetraacetic acid
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