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ABSTRACT: Therapeutic immunotoxins composed of antibodies
and bacterial toxins provide potent activity against malignant cells,
but joining them with a defined covalent bond while maintaining
the desired function is challenging. Here, we develop novel
immunotoxins by dovetailing full-length immunoglobulin G (IgG)
antibodies and nontoxic anthrax proteins, in which the C terminus
of the IgG heavy chain is connected to the side chain of anthrax
toxin protective antigen. This strategy enabled efficient conjugation
of protective antigen variants to trastuzumab (Tmab) and
cetuximab (Cmab) antibodies. The conjugates effectively perform
intracellular delivery of edema factor and N terminus of lethal factor (LFN) fused with diphtheria toxin and Ras/Rap1-specific
endopeptidase. Each conjugate shows high specificity for cells expressing human epidermal growth factor receptor 2 (HER2) and
epidermal growth factor receptor (EGFR), respectively, and potent activity across six Tmab- and Cmab-resistant cell lines. The
conjugates also exhibit increased pharmacokinetics and pronounced in vivo safety, which shows promise for further therapeutic
development.

■ INTRODUCTION

Harnessing delivery systems from nature may offer the key to
achieving antibody-directed protein delivery into mammalian
cells. Immunotoxins are a class of therapeutic delivery systems
comprising a bacterial toxin and receptor-binding component,
which mediate cytosolic delivery of the toxin upon binding to
the target receptor. Most immunotoxins consist of a truncated
form of either exotoxin A from Pseudomonas aeruginosa, ricin
toxin from Ricinus communis, or the A chain of diphtheria toxin
(DTA) from Corynebacterium diphtheria.1,2 These toxins are
combined with proteins, antibodies, or antibody fragments that
target receptors on malignant cells,3,4 including the CD22
receptor on hairy cell leukemia cells, the CD25 receptor on
chronic lymphocytic leukemia and cutaneous T-cell lymphoma
cells, and the mesothelin receptor on mesothelioma,5

pancreatic,6 and ovarian7 cancer cells. A notable example of
an immunotoxin is moxetumomab pasudotox, which is a fusion
protein of an anti-CD22 single-chain antibody fragment and a
truncated form of Pseudomonas exotoxin A. This immunotoxin
was FDA approved in 2018 for the treatment of hairy cell
leukemia8,9 and has paved the way for other immunotoxins in
the clinic. Recently, oportuzumab monatox has generated
exciting clinical results for the treatment of bladder cancer,
which is an immunotoxin composed of an anti-EpCAM single-
chain antibody fragment conjugated to Pseudomonas aeruginosa
exotoxin A fragment.10

Although a few immunotoxins have been successful in the
clinic, improved designs are needed that exhibit enhanced
efficacy and target-recognition affinity, tunable in vivo
lifetimes, and reduced immunogenic and other adverse
effects.11 Unfortunately, developing new variants is particularly
challenging. Insufficient selectivity of receptor-binding proteins
has been associated with off-target toxicity.1 Full-length
antibodies can provide increased antigen affinity through
avidity, a wider therapeutic window, and attractive in vivo
properties, but few methods have been developed for site-
selective ligation of toxins to antibodies.2,12 Continued
development of immunotoxins is therefore needed for these
therapeutics to reach their full potential.
Anthrax is a potent toxin that comprises two main proteins:

protective antigen (PA) and lethal factor (LF).13,14 In nature,
wild-type (WT) PA ultimately forms a pore to translocate
toxins LF or edema factor (EF) into the cell cytosol, inducing
rapid cell death (Figure 1A).15 Translocation proceeds by the
following mechanism: (1) The 83 kDa protein, PA83, binds to
one of two cell receptors, TEM8 or CMG2.16,17 (2) PA83 is

Received: December 15, 2020
Published: February 4, 2021

Research Articlehttp://pubs.acs.org/journal/acscii

© 2021 American Chemical Society
365

https://dx.doi.org/10.1021/acscentsci.0c01670
ACS Cent. Sci. 2021, 7, 365−378

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zeyu+Lu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicholas+L.+Truex"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mariane+B.+Melo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yiran+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Na+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Darrell+J.+Irvine"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bradley+L.+Pentelute"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bradley+L.+Pentelute"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acscentsci.0c01670&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c01670?ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c01670?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c01670?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c01670?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c01670?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/acscii/7/2?ref=pdf
https://pubs.acs.org/toc/acscii/7/2?ref=pdf
https://pubs.acs.org/toc/acscii/7/2?ref=pdf
https://pubs.acs.org/toc/acscii/7/2?ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acscentsci.0c01670?ref=pdf
https://http://pubs.acs.org/journal/acscii?ref=pdf
https://http://pubs.acs.org/journal/acscii?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/
http://pubs.acs.org/page/policy/authorchoice/index.html


proteolytically cleaved by a furin protease into two fragments,
PA63 and PA20.

18 (3) The PA63 fragment oligomerizes into
heptameric19 and octameric20 prepores. (4) Three or four LF
(or EF) molecules bind to PA63 with nanomolar affinity.21,22

(5) The entire complex is endocytosed, where acidification of
the endosome promotes PA to conformationally change from
prepores to active transmembrane pores for translocating LF or
EF into the cytosol.23−25

Engineered PA and LF variants provide effective tools for
delivering non-native cargo into cells.26 The nontoxic N-
terminal region of LF, called LFN, provides the basis for
harnessing this machinery. LFN retains nanomolar binding
affinity to PA prepores and permits conjugation and delivery of
beta-lactamase,27 Pseudomonas exotoxin A,28 Ras/Rap1-specific
endopeptidase (RRSP),29 DTA,30 cytotoxic T lymphocyte
epitopes from Listeria monocytogenes listeriolysin O and
ovalbumin,31,32 peptide nucleic acids,33,34 and other non-
native cargo.35 Targeting mutant PA variants to specific cell
types has recently been achieved by combining them with a
receptor-binding protein36−40 or by altering the protease
cleavage site between PA63 and PA20.

41,42 These retargeted PA
variants have provided a glimpse of the therapeutic potential
for delivering effector proteins into specific cells but have not

yet generated sufficient in vivo selectivity for translation to the
clinic.
Here, we introduce an immunotoxin platform that combines

full-length antibodies with nontoxic anthrax proteins. We
envisioned that this platform would provide enhanced in vivo
properties and targeting to mammalian cell receptors and,
upon binding, would maintain the PA translocation mechanism
(Figure 1B). In practice, however, combining an antibody with
PA is challenging. Simply fusing PA to an antibody N or C
terminus either would obstruct the antibody binding region or,
upon proteolytic cleavage of PA20, would separate the antibody
from PA63, respectively. To develop this platform, we carefully
designed a bioconjugation strategy to connect a side chain on
mutant PA to the C terminus of an immunoglobulin G (IgG)
antibody (Figure 1C). This strategy enabled successful
preparation of two classes of PA conjugates: one with
trastuzumab (Tmab) for targeting human epidermal growth
factor receptor 2 (HER2)43 and the other with cetuximab
(Cmab) for targeting epidermal growth factor receptor
(EGFR).44

In vitro studies show that these Tmab- and Cmab-directed
PA conjugates selectively deliver DTA into HER2- and EGFR-
positive cells, respectively. These studies also show that DTA

Figure 1. Protective antigen (PA) mediates cytosolic protein delivery into cells. (A) PA translocation mechanism of lethal factor (LF) or edema
factor (EF), targeting TEM8 or CMG2 receptors. (B) Envisioned IgG-directed targeting to HER2 or EGFR receptors, followed by PA-mediated
translocation of the N-terminal LF domain (LFN) with cargo. (C) X-ray crystallographic structures of full-length PA (PDB: 1ACC) with PA20 and
PA63; and IgG antibody (PDB ID: 1HZH) with heavy (HC) and light (LC) chains. The linker peptide is illustrated as a dotted line. N and C
termini are indicated by closed and open face arrows, respectively.
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delivery provides potent toxicity across six antibody-resistant
cancer cell lines, including one HER2-positive cell line and five
EGFR-positive cell lines. Further in vitro studies show that the
conjugates efficiently deliver EF and RRSP into target cells.
Also, two additional Cmab-mPAC conjugates with dual
antibody- and protease-specific cleavage site-targeting con-
jugates provide effective translocation into target cells. In vivo
studies show that these dual-targeting conjugates exhibit
enhanced pharmacokinetic properties and pronounced in
vivo safety, relative to unconjugated PA, which shows promise
for further therapeutic development.

■ RESULTS
Design and Preparation of Antibody-Directed Pro-

tective Antigen. We designed and prepared two main classes
of antibody-directed PA conjugates, which each comprise a
full-length IgG antibody and PA. One class exhibits Tmab-
directed targeting of HER2-positive cells; the other class
exhibits Cmab-directed targeting of EGFR-positive cells.
To prepare these conjugates, we designed a mutant PA,

called mPAC, that contains two sets of previously reported
mutations (Figure 2A): (1) a pair of mutations associated with
mPA, N682A and D683A, which ablate binding to native
anthrax receptors;45 and (2) a single mutation associated with
PAC, K563C, which permits cysteine conjugation.46 These
mutations were combined for preparing mPAC and a
translocation-deficient mPAC [F427A] mutant, called
mPACA (Table S1).47,48 Both mutants were expressed and
purified by anion-exchange chromatography (AEX), followed
by SDS-PAGE (Figure S1) and LC/MS analysis (Figure S2).
We also prepared two mutant IgG antibodies of Tmab and

Cmab, which each contain residues LPSTGGK for recognition
by the sortase enzyme (Figure 2A).49 These residues were
incorporated at the C terminus of the antibody heavy chain
(HC) to provide distance between the PA translocase and the
antibody-binding region. The antibodies were prepared by
incorporating the sortase-recognition sequence into plasmids
for Tmab (Table S2) and Cmab (Table S3), followed by
expression in mammalian cells, purification by protein A resin,
and LC/MS analysis (Figure S3).
We also designed and prepared linker peptides 1−3 to

combine IgG antibodies with mPAC (Figure 2B). The
peptides each contain three Gly residues at the N terminus
for sortase-mediated ligation but differ at the C terminus.
Peptide 1 contains residues D-Leu4, D-Leu5, and D-Lys6 to
impart proteolytic stability and also contains an Nε-linked α-
bromoacetyl group for conjugation to a cysteine side chain.
Peptide 2 is similar to peptide 1, but 2 contains an Nε-linked
maleimide group for conjugation to a cysteine side chain.
Peptide 3 also contains an Nε-linked maleimide group but
contains a long chain of L-amino acids, [GGS]7K, to provide an
extended linkage (ca. 80 Å) between the IgG antibody and
mPAC. The three peptides were synthesized by solid-phase
peptide synthesis on Rink-amide resin, followed by cleavage of
the peptide, RP-HPLC purification, lyophilization, and LC/MS
analysis (Figure S4).
We developed a two-step procedure for preparing these

antibody-directed PA conjugates from the mutant IgG and PA
variants, which enabled modular assembly of these variants. In
the first step, mPAC was incubated with linker peptide 1, 2, or
3 at pH 8.5 for 60 min to give the corresponding G3-mPAC
(Figure 3A, Figure S5). In the second step, after removal of
excess peptide, G3-mPAC was incubated with an IgG antibody

(IgG-LPSTGGK) and sortase enzyme (SrtA*) for 60 min
(Figure 3B).49 The proteins were analyzed by SDS-PAGE,

Figure 2. Designs of IgG, PA, and linker peptides are critical for
creating an anthrax-based immunotoxin. (A) mPAC, with mutated
residues indicated by spheres: N682A and D683A (red); K563C
(yellow). IgG antibody, with the sortase-recognition sequence
indicated by LPSTGGK. N and C termini are indicated by closed
and open face arrows, respectively. (B) Linker peptides 1−3,
illustrating the three N-terminal Gly residues for sortase-mediated
ligation and the C-terminal group for conjugation to a cysteine side
chain.
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before and after adding SrtA*, which revealed a mixture of
IgG-mPAC and IgG-(mPAC)2 conjugates (Figure 3C). These
mono- and disubstituted conjugates were separated by size-
exclusion chromatography (SEC), followed by AEX chroma-
tography. SDS-PAGE analysis showed that purification gave
clean IgG-mPAC1 conjugates for both Tmab-mPAC (Figure 3
D,E) and Cmab-mPAC (Figure S6).

Antibody-Directed Protective Antigen Variants Oli-
gomerize and Perform Translocation. We used three key
experiments to establish IgG-mPAC oligomerization, serum
stability, and translocation activity.
First, we established oligomer-forming ability by SDS-PAGE

analysis. Tmab-mPAC prepared with linker peptide 1 was
incubated with furin protease to cleave PA20, which was then
removed by AEX chromatography. Upon subjecting Tmab-
mPAC63 to acidic conditions, SDS-PAGE analysis revealed the
appearance of a single, high-molecular-weight band consistent
with the formation of SDS-stable oligomers (Figure S7). This
result indicates that IgG-mPAC conjugates can oligomerize
under acidic conditions and may also perform protein
translocation into mammalian cells.
Second, we evaluated the serum stability of the linker

peptides. Two Tmab-mPAC variants prepared from linker
peptides 1 and 2 were incubated with 10% fetal bovine serum
at 37 °C for 168 h. SDS-PAGE gels visualized by Western blot
analysis showed that Tmab-mPAC remains largely intact with
linker peptide 1 but substantially degrades after 1 h with linker
peptide 2 (Figure S8).
Third, we evaluated the translocation activity of the IgG-

mPAC conjugates. Three Tmab-mPAC conjugates prepared
from linker peptides 1−3 were incubated with HER2-positive
cells (BT474), using 10-fold serial dilutions of each conjugate
and 10 nM of the fusion protein LFN-DTA. LFN-DTA served
as a reporter of translocation activity by decreasing cell
viability, in which the DTA component ribosylates eukaryotic
elongation factor 2 in the cytosol and inhibits protein
synthesis.50 This experiment showed that all three IgG-
mPAC conjugates exhibit comparable protein synthesis
inhibition activity (Figure S9), indicating that varying the
linker length does not alter translocation activity. In addition,
Tmab-mPAC and Tmab-(mPAC)2 also showed comparable
activity (Figure S10), indicating that increasing the mPAC
substituents does not alter translocation activity.
These three experiments established that linker peptide 1

provides a robust, serum-stable linkage between IgG antibodies
and mPAC. The experiments also establish that efficient
translocation activity is achieved through a 1:1 and 1:2 IgG/
mPAC ratio for the IgG-mPAC conjugates. All IgG-mPAC
conjugates mentioned hereafter were prepared using linker
peptide 1, followed by isolation of fractions containing IgG-
mPAC1 conjugates (fractions containing IgG-mPAC2 con-
jugates were discarded).

Antibody-Directed Cytosolic Protein Delivery into
HER2- and EGFR-Positive Cells. In vitro cell assays revealed
that both Tmab-mPAC and Cmab-mPAC conjugates act on
cells bearing the corresponding target receptors. These
experiments also showed that the IgG-mPAC conjugates
deliver cargo by a translocation mechanism. We established
this activity against HER2- and EGFR-positive cells with the
IgG-mPAC conjugates and appropriate controls.
HER2-positive cells (BT474) were incubated with 10 nM

LFN-DTA and 10-fold serial dilutions of Tmab-mPAC (Figure
4A). This treatment showed decreased cell viability at Tmab-
mPAC concentrations as low as 100 pM, indicating potent
DTA delivery into the cytosol. The cells were also incubated
with 10 nM LFN-DTA and a 1:1 mixture of Tmab + mPAC,
which did not decrease cell viability. In addition, incubation
with either the unconjugated Tmab alone or conjugated
Tmab-mPAC alone did not decrease cell viability. The cells
were also incubated with two translocation-deficient PA

Figure 3. A two-step procedure enables bioconjugation of IgG to
mPAC. (A) The thiol-conjugation reaction with mPAC and linker
peptide affords G3-mPAC. (B) Sortase-mediated ligation with IgG
antibody (IgG-LPSTGGK) and G3-mPAC affords a mixture of IgG-
mPAC and IgG-(mPAC)2 conjugates. Coomassie-visualized SDS-
PAGE gel analysis of mixtures containing: (C) Tmab and G3-mPAC
(linker peptide 1), before and after adding SrtA*; and Tmab-mPAC
conjugate after (D) size-exclusion chromatography (SEC, HiLoad 16/
600 Superdex 200) and (E) anion-exchange (AEX) chromatography
(HiTrap Q HP).
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variants: (1) Tmab-mPACA (Table S1 and Figure S2) and
LFN-DTA; and (2) Tmab conjugated directly to LFN-DTA,
called Tmab-LFN-DTA (Figure S11). Neither treatment
decreased viability, indicating that free LFN-DTA and a
functional IgG-mPAC conjugate are important for achieving
antibody-directed cytosolic protein delivery.
Also, Cmab-mPAC delivers LFN-DTA into EGFR-positive

cells by a translocation mechanism (Figure 4B). EGFR-positive
cells (A431) were incubated with Cmab-mPAC and LFN-DTA.
These treatments decreased viability at Cmab-mPAC concen-
trations as low as 100 pM. No other treatment decreased cell
viability, indicating that both Cmab-mPAC and LFN-DTA are
required for cytotoxic protein delivery into EGFR-positive
cells.
Targeted Delivery of Bacterial Toxins for Receptor-

Specific Toxicity against Cancer Cells. We established that
the IgG-mPAC conjugates only perform translocation on cells
with the target receptor (Figure 4C,D).51 HER2-positive
(BT474) and HER2-negative (BT549) cells were incubated
with serial dilutions of Tmab-mPAC and 10 nM of LFN-DTA.
These treatments decreased viability of the HER2-positive cells
but had no effect on the HER2-negative cells (Figure 4C).
EGFR-positive (A431) and EGFR-negative (Jurkat) cells were

incubated with Cmab-mPAC and LFN-DTA. These treatments
decreased viability of the EGFR-positive cells at concentrations
as low as 100 pM but had no effect on the EGFR-negative cells
(Figure 4D). To show that LFN-DTA is toxic to BT549 and
Jurkat cells, which do not display the target receptors, these
cells were incubated with WT PA and LFN-DTA. For both cell
lines, the treatments decreased cell viability at PA concen-
trations as low as 100 pM (Figure S12).
Since the parent antibodies are toxic to several HER2- and

EGFR-positive cell lines, we performed additional experiments
to compare antibody-specific activity with the additional
toxicity from delivering LFN-DTA. We also evaluated back-
ground activity that may occur through Fc binding to cell
receptors. Two cell lines were used for these studies: (1)
HER2-positive (BT474) and (2) EGFR-positive (A431) cells.
These cells were selected because they each display only one of
the two receptors, HER2 or EGFR, and are sensitive to Tmab
and Cmab, respectively. For these experiments, cells were
either incubated with 10 nM IgG-mPAC alone or coincubated
with serial dilutions of LFN-DTA. To demonstrate toxicity
from PA and LFN-DTA in parallel, cells were also treated with
10 nM WT PA and with serial dilutions of LFN-DTA. The
studies showed that Tmab-mPAC alone had no effect on

Figure 4. Antibody-Targeting Provides High Selectivity for Target Cells. Relative cell viability after 72 h of incubation with or without 10 nM LFN-
DTA, and with 10-fold serial dilutions of an IgG or IgG-mPAC conjugate: (A) HER2-positive cells (BT474) with Tmab, Tmab-mPAC, Tmab +
mPAC, Tmab-mPACA, or Tmab-LFN-DTA; (B) EGFR-positive cells (A431) with Cmab, Cmab-mPAC, Cmab + mPAC, or Cmab-mPACA; (C)
HER2-positive cells (BT474) and HER2-negative cells (BT549) with Tmab-mPAC; (D) EGFR-positive cells (A431) and EGFR-negative cells
(Jurkat) with Cmab-mPAC. mPACA represents the mPAC [F427A] variant, which is translocation-deficient. Cell viability was determined by the
relative luminescence from a CellTiter-Glo assay, which was normalized to untreated cells. Data represent the mean of three replicate wells ± the
standard deviation (±s.d.).
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HER2-negative (A431) cells but partially decreased viability of
the HER2-positive (BT474) cells (Figure S13). In addition,
coincubation of Tmab-mPAC + LFN-DTA further decreased
cell viability (EC50 = 3.9 ± 3.5 pM). Alternatively, Cmab-
mPAC had no effect on the EGFR-negative (BT474) cells but
partially decreased viability of the EGFR-positive (A431) cells
(Figure S14). In addition, coincubation of Cmab-mPAC +
LFN-DTA further decreased cell viability of the EGFR-positive
cells (EC50 = 4.3 ± 1.5 pM). These studies show that the IgG-

PA conjugates alone exhibit partial toxicity to cells bearing the
target receptor, and exhibit increased toxicity through
delivering LFN-DTA. Furthermore, the absence of toxicity to
cells lacking the target receptor suggests that limited activity is
exhibited through binding of the Fc region.
To further evaluate selectivity of the IgG-mPAC conjugates,

two HER2-negative EGFR-positive cells (A549 and HCT116)
were incubated with LFN-DTA in the presence of either Tmab-
mPAC or Cmab-mPAC. For both cell lines, the Cmab-mPAC

Figure 5. Antibody-directed PA conjugates overcome resistance to Tmab and Cmab therapeutic antibodies. Relative cell viability after 72 h of
incubation with or without 10 nM LFN-DTA, and with 10-fold serial dilutions of IgG, IgG-mPAC conjugate, or gefitinib: (A) ovarian cancer cells
(SKOV-3); (B, C) lung cancer cells (A549, H441); (D) colon cancer cells (HCT-116); and (E, F) triple-negative breast cancer cells (BT549,
MDA-MB-231). Cell viability was determined by the relative luminescence from a CellTiter-Glo assay, which was normalized to untreated cells.
Data represent the mean ± s.d. of three replicate wells.
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showed toxicity at concentrations as low as 100 pM, while the
Tmab-mPAC treatments showed no toxicity (Figure S15).
Targeted Delivery of Bacterial Toxins into Drug-

Resistant Cancer Cells. Tmab- and Cmab-directed DTA
delivery is also toxic to cells that are resistant to the parent
Tmab52 and Cmab53 antibodies. We established this activity
across six drug-resistant cell lines, including one with HER2
receptors and five with EGFR receptors. HER2-positive
ovarian cancer cells (SKOV-3) were incubated with serial
dilutions of Tmab-mPAC and 10 nM LFN-DTA (Figure 5A).
This treatment decreased cell viability at Tmab-mPAC
concentrations as low as 100 pM. In contrast, cells incubated
with Tmab alone did not decrease viability.
Five EGFR-positive cells were incubated with unconjugated

Cmab alone or with the Cmab-mPAC conjugate and 10 nM
LFN-DTA. Cells were also incubated with gefitinib, which is a
small-molecule drug inhibitor of EGFR.54 The cell lines
evaluated include two derived from lung cancer (A549 and
H441), one derived from colorectal cancer (HCT-116), and
two derived from triple negative breast cancer (BT549 and
MDA-MB-231). All five cell lines decreased in viability after
incubation with Cmab-mPAC and LFN-DTA, but not after
incubation with Cmab or gefitinib alone (Figure 5B−F).55,56
These results show that immunotoxins can overcome
resistance associated with the parent antibody and gefitinib.
Targeted Enzyme Delivery Enables Cell-Specific

Control of Intracellular Processes. Delivering effector
proteins into cells, other than DTA, shows that antibody-
directed PA variants enable control of cell processes without
promoting cell death. For these experiments, we used Cmab-
mPAC to deliver two enzymes, EF and RRSP, and evaluated
the corresponding activity.
EF is a native effector protein of anthrax lethal toxin that

functions by increasing intracellular concentrations of cyclic
AMP (cAMP), through calmodulin- and Ca2+-dependent
adenylate cyclase activity.57 This activity is important, because
cAMP is a key intracellular signaling molecule that modulates
the immune system and is associated with inflammatory
disease.58,59 Here, we show that delivering EF increases cAMP
concentrations selectively in EGFR-positive cells. To establish
this activity, we measured cAMP levels with an ELISA-based
competition assay after incubating EGFR-positive cells with EF
and IgG-mPAC constructs.
MDA-MB-231 cells incubated with 20 nM EF and 100 nM

Cmab-mPAC showed increased intracellular cAMP levels
(Figure 6A). In contrast, cells incubated with either EF alone
or Cmab-mPAC alone did not exhibit increased cAMP levels.
Cells also did not exhibit increased cAMP levels after
incubation with EF in the presence of 100 nM Cmab-
mPACA, Tmab-mPAC, or a 1:1 mixture of Cmab + mPAC. In
addition, cells did not exhibit increased cAMP levels after
incubation with LFN-DTA, rather than EF, in the presence of
Cmab-mPAC. These studies show that the observed increase
of cAMP is associated with cytosolic EF delivery by a
functional Cmab-mPAC.
Intracellular RRSP delivery by the Cmab-mPAC conjugate

enables cell-specific disruption of Ras signaling. Ras is an
important oncoprotein involved in cancer development that is
particularly difficult to target. Protease-mediated cleavage of
Ras with RRSP has recently emerged as a promising strategy to
rapidly cleave this protein inside of cancer cells, which
interferes with downstream signaling of the MAPK pathway
and promotes cancer cell death.29

To evaluate Cmab-mPAC-mediated Ras cleavage, MDA-
MB-231 cells were incubated with LFN-RRSP in the presence
of 50 nM Cmab-mPAC. After 24 h, Western blot analysis
showed that bands from the Ras protein decreased in a dose-
dependent fashion from LFN-RRSP and Cmab-mPAC (Figure
6B). We also compared the relative amount of ERK and
phospho-ERK (pERK), which is influenced by Ras signaling.
The blot showed that delivery of LFN-RRSP facilitated a dose-
dependent decrease in pERK levels, while total ERK remained
constant. LFN-RRSP did not exhibit any apparent activity when
combined with translocation-deficient Cmab-mPACA, Tmab-
mPAC, or a 1:1 mixture of Cmab + mPAC. These studies
show that Cmab-mPAC enables cell-selective delivery of LFN-
RRSP, and disruption of Ras signaling.

Protease-Specific Targeting of Cancer Cells. Protease-
specific PA mutants are compatible with IgG-mPAC
conjugates, which enables further targeting to cells. Two
mutant PA variants developed by Leppla and co-workers have
enabled proteolytic activation by uPA and MMP-9 proteases,
rather than the native furin protease.41,42 We prepared Cmab-
mPAC variants with each of these two protease cleavage sites
(Figure 7A, Table S4): (1) Cmab-mPAC-uPA, which is only
activated by the uPA protease; and (1) Cmab-mPAC-MMP,

Figure 6. Antibody-directed PA conjugates deliver EF and RRSP into
EGFR-positive cells. (A) Intracellular cAMP concentrations of MDA-
MB-231 cells after 2 h of incubation with 20 nM EF or LFN-DTA and
with 100 nM Cmab-mPAC or Tmab-mPAC. Concentrations of
cAMP were measured with an ELISA-based competition assay. Data
represent the mean ± s.d. of three replicate wells. (B) Western blot
analysis of intracellular protein amounts in MDA-MB-231 cells after
24 h of incubation of LFN-RRSP and with 50 nM Cmab-mPAC,
Cmab-mPACA, Tmab-mPAC, or a 1:1 mixture of Cmab + mPAC.
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which is only activated by the MMP-9 protease. We generated
these variants in a similar fashion as WT PA, using
recombinant expression and AEX chromatography purification
(Figures S16 and S17). We then combined these variants with
linker peptide 1, followed by sortase-mediated ligation with
Cmab (Figures S18−S20).
We established the protease-cleavage selectivity of Cmab-

mPAC-uPA and Cmab-mPAC-MMP against the MMP-9, uPA,

and furin proteases. The three proteases were incubated with
each conjugate for 3 h; then, the reaction mixtures were
analyzed by SDS-PAGE under reducing conditions.60 At t = 0,
Western blot analysis showed bands associated with the LC,
HC, and heavy chain−mPAC conjugate (HC-mPAC). Over
time, protease cleavage was indicated by the disappearance of
bands for HC-mPAC83 and by the appearance of two new
bands: HC-mPAC63 and PA20. Based on this pattern, the blots

Figure 7. Protease- and antibody-directed PA conjugates provide dual-targeting selectivity. (A) Cartoon illustrations of IgG-mPAC conjugates
cleaved by proteases uPA and MMP-9. (B) SDS-PAGE gel analysis with Western blot visualization of the protease-treated conjugates: Cmab-
mPAC, Cmab-mPAC-uPA (Cmab-uPA), and Cmab-mPAC-MMP (Cmab-MMP). (C−F) Relative viability of EGFR-positive cells expressing the
uPA and MMP proteases (MDA-MB-231, BT549) after incubation with or without 10 nM LFN-DTA, and with 10-fold serial dilutions of (C, D)
Cmab-mPAC-uPA or (E, F) Cmab-mPAC-MMP. Cell viability was determined by the relative luminescence from a CellTiter-Glo assay, which was
normalized to untreated cells. Data represent the mean ± s.d. of three replicate wells.
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showed that the MMP-9 and uPA proteases cleaved only the
corresponding Cmab-mPAC-MMP or Cmab-mPAC-uPA
conjugate (Figure 7B), rather than Cmab-mPAC (Figure S21).
We then established the translocation activity of Cmab-

mPAC-MMP and Cmab-mPAC-uPA on EGFR-positive cells
expressing the MMP-9 and uPA proteases. We began by
evaluating these variants on BT549 and MDA-MB-231 cells,
which express both proteases.61,62 These cells were incubated
with serial dilutions of Cmab-mPAC-MMP and 10 nM LFN-
DTA, which decreased cell viability (Figure 7C,D). These cells
were similarly treated with Cmab-mPAC-uPA, which also
decreased cell viability (Figure 7E,F). These results show that
the modified cleavage sites enable receptor- and protease-
specific cell targeting, without affecting the translocase
activity.63

We further evaluated these variants on H2030 cells, which
express furin proteases but not MMP and uPA proteases.64

H2030 cells were incubated with LFN-DTA and with either
Cmab-mPAC, Cmab-mPAC-MMP, or Cmab-mPAC-uPA. The
results showed that neither Cmab-mPAC-MMP nor Cmab-
mPAC-uPA decreased cell viability, but Cmab-mPAC
decreased viability at concentrations as low as 100 pM (Figure
S21). We also assessed the activity against normal human
endothelial cells (HMEC-1), which express MMP and uPA
proteases but fewer copies of the EGFR receptor. HMEC-1
cells were incubated with LFN-DTA, and with either WT PA,
Cmab-mPAC, Cmab-mPAC-MMP, or Cmab-mPAC-uPA. The
results showed that only the treatments with WT PA decreased
cell viability (Figure S21). These results establish that the dual-
activation mechanism provided by the antibody and the
protease cleavage sites provides enhanced control for targeting
cancer cells over healthy cells.
Antibody-Directed PA Variants Increase Pharmaco-

kinetic Profiles. We evaluated pharmacokinetics and
biodistribution with a series of in vivo studies in tumor-free
animals. These studies showed that IgG-mPAC conjugates
exhibit an increased clearance time and an altered biodis-
tribution pattern, relative to unconjugated mPAC. Radioactive
89Zr was incorporated onto the Cmab antibody, mPAC-uPA,
and the Cmab-mPAC-uPA conjugate, followed by i.v.
administration into mice at 1 mg/kg (Figure 8A). In vivo
properties of each construct were monitored over time by
measuring the radioactivity of blood samples and collecting
whole-body animal PET images (Figure 8B).
The amount in circulation (%) was measured from blood-

sample radioactivity using a gamma counter, which showed an
exponential decrease of the constructs over time (Figure 8C).
Pharmacokinetics was analyzed based on a two-compartment
model: with a fast (α) clearance phase due to equilibration
with the central compartment and a slower (β) clearance phase
due to absorption by other tissue.65,66 This model revealed that
the Cmab-mPAC-uPA conjugate exhibited biexponential
clearance, in which the α phase half-life (t1/2) = 140 min,
and β phase t1/2 = 850 min. The Cmab antibody also exhibited
biexponential clearance, but with a longer α phase t1/2 = 303
min and β phase t1/2 = 5220 min. The mPAC-uPA exhibited
monocompartment clearance and a single half-life of t1/2 = 2.5
min, indicating rapid removal in a first-order fashion.67,68

Analyzing the area under each curve showed the in vivo
lifetime markedly increased for Cmab-mPAC-uPA relative to
mPAC-uPA, but decreased relative to the Cmab antibody
alone. These results indicate that the antibody component on
Cmab-mPAC-uPA enhances the pharmacokinetic properties,

which is an important feature for generating enhanced clinical
responses.
The biodistribution images also show that Cmab and Cmab-

mPAC-uPA exhibit comparable biodistribution patterns
(Figure 8D, Figure S22). Further analysis of the animal tissue
showed that both Cmab and Cmab-mPAC-uPA accumulate in
the liver and spleen, which may serve as reservoirs to extend
the clearance time (Figure S23). For mPAC-uPA, substantial
accumulation was observed in the kidneys, and some

Figure 8. Antibody-directed PA conjugates enhance biodistribution
and pharmacokinetics. (A) Groups of female nude mice i.v. injected
with 1 mg/kg 89Zr-labeled mPAC-uPA (n = 1), Cmab-mPAC-uPA (n
= 4), or Cmab (n = 4). (B) Whole-body PET images and peripheral
blood analysis at the indicated time points. (C) Amount in circulation
(%) of mPAC-uPA, Cmab-mPAC-uPA, and Cmab based on blood
sample radiation measurements using a gamma counter. Data
represent the mean ± s.d. of injected dose per gram of tissue (%
ID/g), which was normalized to t = 0. The curves represent a two-
phase decay model fitted to the data and were used to determine the
values for half-life and area under curve. (D) Representative whole-
body animal PET images collected at 6 h after injection.
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accumulation was observed in the liver and spleen (Figure
S24). These results further show that the IgG component,
rather than mPAC, directs distribution and increases clearance
time.
Antibody-Directed PA Conjugates Exhibit Pro-

nounced in Vivo Safety. We also established the in vivo
safety of IgG-mPAC conjugates in tumor-free animals. Groups
of female nude mice (n = 3) were i.v. administered with 1 mg/
kg LFN-DTA alone or coadministered with 3 or 15 mg/kg of
Cmab-mPAC-uPA or Cmab-mPAC-MMP (Figure 9A). The

mice were monitored over 48 h for outward signs of toxicity;
then, tissue samples from the kidney and liver were subjected
to microscopic examination (Figure 9B). The animals showed
no outward signs or histological features associated with
toxicity from Cmab-mPAC-uPA or Cmab-mPAC-MMP at
doses of 3 mg/kg (Figure S25) and up to 15 mg/kg (Figure
9C). These results indicate that Cmab-mPAC-uPA and Cmab-
mPAC-MMP exhibit pronounced in vivo safety up to 15 mg/
kg, which is a 5-fold higher dosage than previously studied PA
variants (e.g., PA-MMP up to 2.25 mg/kg).69−71

Furthermore, an extended safety study was performed with
repeated dosing to the animals, while monitoring survival,
body weight, inflammation, liver function, and histological
toxicity (Figure S26). In this study, treatment dosage and
intervals were chosen based on previous studies performed by
Leppla and co-workers.72 Tumor-free animals (C57BL/6, F, n
= 5) were treated six times over 21 days with 5 μg (0.25 mg/
kg) of LFN-DTA and 15 μg (0.75 mg/kg) of WT PA, Cmab,
Cmab-mPAC, Cmab-mPAC-uPA, or mPAC. During this time,
the mice were monitored twice daily for signs of outward
toxicity and changes in body weight. Sera samples from

peripheral blood were collected on days 9, 17, and 21 for
analysis of inflammatory cytokine levels (Figure S27), aspartate
aminotransferase (AST) activity (Figure S28), and alanine
transaminase (ALT) activity (Figure S28). On day 21, animal
organs were harvested and processed to analyze toxicity across
five major organs: liver, lung, heart, kidney, and spleen.
This study demonstrated that signs of off-target toxicity

either presented after 48 h or were absent. In addition, the
study further showed that LFN-DTA administered with Cmab-
mPAC-uPA does not exhibit toxicity to healthy tissue. In
contrast, LFN-DTA administered with either Cmab-mPAC or
mPAC exhibited substantial toxicity after 48 h. These findings
illustrate that IgG-targeting to specific cell types remains a
major challenge but also show that this challenge can be
overcome with IgG-PA conjugates engineered with specific
protease-activated linkers. The combined effect of these
antibody-directed and protease-activated delivery systems
enables precise targeting to tumor cells without background
toxicity to healthy cells, while also extending in vivo lifetimes,
increasing receptor binding avidity, and providing robust
payload delivery. Harnessing this dual-targeting approach
holds promise for enhancing immunotoxin safety and treat-
ment responses in clinical settings.

■ DISCUSSION
In vivo pharmacokinetics and safety have critical roles in
generating therapeutic responses. Typically, immunotoxins
exhibit a half-life of several minutes and are undetectable after
24 h.66,73,74 The in vivo half-life for the Cmab-mPAC-uPA
conjugate is 140 min, which is 50-fold longer than
unconjugated PA and 5-fold longer than other immunotoxins
undergoing preclinical development.66 Off-target toxicity is
another challenge that has prevented the use of immunotoxins
in the clinic. Although Cmab-mPAC showed off-target toxicity
in animals, both Cmab-mPAC-uPA and Cmab-mPAC-MMP
were tolerated up to a dose of 15 mg/kg. These findings show
that protease-activated targeting can eliminate off-target
toxicity at 15 mg/kg, which is 5-fold higher than previously
studied PA variants.69−71 In addition, these findings of
prolonged clearance time and pronounced in vivo safety
demonstrate an attractive therapeutic profile for the dual-
targeted IgG-mPAC conjugates and show promise for
developing additional IgG-mPAC delivery systems.
The design of retargeted PA variants is critical to achieving

target-binding and PA-translocase activity. Previous designs
contain a receptor-binding protein at the C terminus of a
native-receptor-ablated mPA (Figure 10A), which were
combined by recombinant expression as a fusion protein36,37

or by conjugation using sortase.38 These strategies have been
compatible with a variety of receptor-binding proteins,
including native receptor-binding proteins,36 engineered bind-
ing proteins,37,38 and single-chain variable fragments,38,75 but
have not been successful with antibodies. Although C- to C-
terminal ligation strategies are possible using the sortase
enzyme, “LPSTG”-containing IgG76 and mPA38 mutants were
primarily designed for efficient N- to C-terminal ligation
strategies. As a result, C- to C-terminal ligation strategies are
prohibitively cumbersome approaches that rely on incorporat-
ing a linker peptide with two different amide-bond forming
enzymes,77 and/or on a multistep reaction and purification
procedure.78

We anticipated that conjugation would successfully retain
antibody-binding and PA-mediated translocation activity,

Figure 9. Antibody-directed PA conjugates exhibit pronounced in
vivo safety. (A) Groups of nude mice (n = 3) i.v. administered with
Cmab-mPAC-uPA or Cmab-mPAC-MMP, either with or without 1
mg/kg LFN-DTA. (B) Animals were monitored over 48 h for outward
signs of toxicity; then, tissue samples from the kidney and liver were
harvested and subjected to histological analysis. (C) Representative
histological images of kidney and liver sections visualized with
hematoxylin and eosin (H&E).
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particularly upon connecting the IgG to a side chain on mPAC
(Figure 10B). We were attracted to this strategy for several
reasons: (1) Remote placement of mPAC at the C terminus of
the IgG, distant from the binding region, helps preserve IgG
binding activity. (2) Conjugation enables rapid assembly of
different IgG and mPAC components, without re-expressing an
entire IgG-mPAC fusion protein. (3) Separately preparing the
mPAC and IgG antibody enables bacterial PA expression and
mammalian IgG expression, which are the standard expression
conditions for each component. (4) Tuning of the final IgG/
mPAC ratio (IgG-mPAC1 vs. IgG-mPAC2), if necessary, is
achievable by altering the conjugation conditions, followed by
chromatographic separation of the desired conjugate.
We further envisioned that recombinantly fusing the IgG to

mPA or mPAC could present challenges. The preparation of
IgG-mPA fusion proteins would generally give a 1:2 antibody
to mPA ratio. If the IgG was placed at the C terminus of mPA,
binding may be reduced from obstruction by the mPA
translocase (Figure 10C). If placed at the N terminus of mPA,
proteases would cleave PA63 from the antibody−receptor
complex and lead to PA63 dissociation from the cell surface
(Figure 10D). These challenges may limit the function of
either the IgG or PA component and may also preclude further
development of the delivery platform.

■ CONCLUSION
The anthrax delivery platform described here is part of a larger
body of ongoing work in our laboratory on antibody-directed
cytosolic delivery of effector proteins into cells. Preparing the

IgG-mPAC constructs with sortase-mediated ligation is a
simple two-step procedure and is reproducible among different
IgG antibody and PA variants. The conjugates enable robust
protein delivery, including for EF, LFN-DTA, and LFN-RRSP.
In vitro cell assays show that Tmab- and Cmab-mPAC
conjugates deliver these proteins into HER2- and EGFR-
positive cells, respectively, to promote the death of cancer and
drug-resistant cancer cells at picomolar concentrations. These
conjugates are also compatible with the cleavage sites for
MMP-9 and uPA proteases, which further enables cell-specific
targeting control. Combining these two targeting strategies
provides a promising general platform for achieving in vivo
therapeutic delivery, without unwanted off-target activity or
toxicity.
The immunogenic response against PA and LFN has limited

their use in clinical settings, but new avenues of therapeutic
development are beginning to overcome this challenge.
Immunosuppressive regimens with pentostatin and cyclo-
phosphamide (PC) have been shown to mitigate this response
by depleting lymphocytes, particularly B cells, in immuno-
competent C57BL/6J mice.70,71 In addition, Pastan and co-
workers have reported approaches for promoting antigen-
specific tolerance79 and for reducing off-target toxicity.74 These
strategies, in addition to the current work, offer the promise of
administering repeat doses of PA and LFN, which will enable
drug delivery applications for a wide range of diseases.
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