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Abstract
This work describes use of anti-carcinoembryonic antigen antibodies (10H6, T84.66) for targeted delivery of an endoso-
mal escape peptide (H6CM18) and gelonin, a type I ribosome inactivating protein. The viability of colorectal cancer cells 
(LS174T, LoVo) was assessed following treatment with gelonin or gelonin immunotoxins, with or without co-treatment with 
T84.66-H6CM18. Fluorescent microscopy was used to visualize the escape of immunoconjugates from endosomes of treated 
cells, and efficacy and toxicity were assessed in vivo in xenograft tumor-bearing mice following single- and multiple-dose 
regimens. Application of 25 pM T84.66-H6CM18 combined with T84.66-gelonin increased gelonin potency by ~ 1,000-fold 
and by ~ 6,000-fold in LS174T and LoVo cells. Intravenous 10H6-gelonin at 1.0 mg/kg was well tolerated by LS174T tumor-
bearing mice, while 10 and 25 mg/kg doses led to signs of toxicity. Single-dose administration of PBS, gelonin conjugated 
to T84.66 or 10H6, T84.66-H6CM18, or gelonin immunotoxins co-administered with T84.66-H6CM18 were evaluated. 
The combinations of T84.66-gelonin + 1.0 mg/kg T84.66-H6CM18 and 10H6-gelonin + 0.1 mg/kg T84.66-H6CM18 led 
to significant delays in LS174T growth. Use of a multiple-dose regimen allowed further anti-tumor effects, significantly 
extending median survival time by 33% and by 69%, for mice receiving 1 mg/kg 10H6-gelonin + 0.1 mg/kg T84.66-H6CM18 
(p = 0.0072) and 1 mg/kg 10H6-gelonin + 1 mg/kg T84.66-H6CM18 (p = 0.0017). Combined administration of gelonin 
immunoconjugates with antibody-targeted endosomal escape peptides increased the delivery of gelonin to the cytoplasm of 
targeted cells, increased gelonin cell killing in vitro by 1,000–6,000 fold, and significantly increased in vivo efficacy.
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INTRODUCTION

Immunotoxins (ITs) contain a protein toxin chemically 
conjugated or genetically fused to a highly specific tar-
geting domain, such as an antibody or antibody fragment 
(1–3). The protein toxins most commonly employed for ITs 
belong to a class of molecules known as ribosome inactivat-
ing proteins (RIPs) (4–6). Early publications demonstrated 
that cytoplasmic delivery of a single RIP molecule, such as 
abrin, ricin, and modeccin (7), induces cellular apoptosis. 
RIP molecules are categorized as Type-I or Type-II agents, 
based on the presence or absence of domains mediating cell 
entry and endosomal escape, which are key determinants 

of RIP potency. For example, gelonin, a Type-I RIP, lacks 
domains for cell entry and endosomal escape and, con-
sequently, gelonin is associated with poor potency when 
applied in cell culture and with a high (> 40 mg/kg) median 
lethal dose  (LD50) when administered to mice. By contrast, 
Type-II RIPs such as pseudomonas exotoxin A and ricin, 
which include cell entry and endosomal escape domains, 
exhibit  LD50 values of ~ 1 μg/kg in mice (8, 9).

Due to low potential for induction of systemic toxicity 
and high potential for catalytic ability following delivery 
to the cytoplasm, there has been substantial interest in the 
development of gelonin immunotoxins for treatment of 
cancer (10). Although several gelonin immunotoxins have 
been reported in the literature, only a single modality has 
entered clinical studies, HUM-195/rGEL (NCT00038051). 
Unfortunately, this construct failed to progress due to modest 
clinical efficacy (11). In a comprehensive study of gelonin 
immunotoxins, the Wittrup laboratory reported that inter-
nalization of ~ 5 million molecules of gelonin is required to 
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induce apoptosis, regardless of the structure of the gelonin 
immunoconjugate (12). Given that cell death can be medi-
ated by a single gelonin molecule delivered to the cytoplasm, 
inefficient endosomal escape was identified as a key limiting 
factor for gelonin immunotoxins. Consistent with endosomal 
escape limiting gelonin efficacy, mathematical modeling by 
Yazdi et al. predicted that for every 10 million endocytosed 
gelonin molecules, only one gelonin molecule enters the 
cytosol (13).

Membrane penetrating agents known as cell-penetrating 
peptides, or protein transduction domains (PTD), have been 
identified for their ability to translocate macromolecule pay-
loads across biological membranes (14, 15). A subclass of 
cell-penetrating peptides known as endosomal escape pep-
tides (EEPs) exhibit pH-dependent activity. GALA, INF7, 
and H5WYG are well-described EEPs that include amino 
acid residues with pKa values similar to the pH of acidified 
endosomes (~ 5.0–6.0), allowing transition from a neutral 
charge in extracellular fluid (at physiological pH) to a posi-
tive charge in endosomes, and promoting membrane inter-
action (16–18). Considering the small size and ability to 
disrupt membranes in a pH-dependent manner, EEPs may 
be suitable for potentiating the efficacy of immunotoxins.

A particular subclass of mAbs with pH-dependent antigen 
binding, termed “catch-and-release” (CAR) mAbs, exhibit 

high affinity target binding at physiologic pH (pH 7.4), and 
negligible target binding at mildly acidic pH (pH 5.5—6.0). 
CAR mAbs have been employed for several applications due 
to their ability to reduce target-mediated mAb elimination 
(i.e., enhancing exposure) (19–22). Recently, we have gener-
ated an IgG1κ murine CAR mAb (10H6) against a tumor-
associated antigen, carcinoembryonic antigen (CEA), by 
standard mouse hybridoma technology. When compared 
to anti-CEA mAb with “standard” (i.e., pH-independent) 
binding, 10H6 demonstrated decreased target-mediated 
elimination and increased tumor exposure in the  MC38CEA+ 
mouse model of murine colorectal cancer (22). Consider-
ing the unique binding properties of 10H6, we hypoth-
esized that immunoconjugates developed with CAR mAbs 
may be employed to enhance the endosomal escape and 
cytoplasmic delivery of macromolecular toxins. The pro-
posed strategy employs a combination of two conjugates: 
1) CAR-EEP and 2) CAR-toxin (Fig. 1). Co-administration 
of CAR-toxin and CAR-EEP was expected to allow mem-
brane accumulation, and subsequent internalization of both 
constructs into endosomes. Acidification of the endosomal 
matrix results in release of CAR-EEP from the membrane-
associated target, allowing EEPs to interact with endosomal 
membranes, facilitating pore-formation and membrane lysis. 
Simultaneously, CAR-toxin that has dissociated from the 

Fig. 1  Use of catch-and-release (CAR) antibody conjugates to pro-
mote the endosomal escape of cell-targeted toxins.(Left) Mechanistic 
diagram of the CAR conjugate strategy. a Anti-CEA immunoconju-
gates bind to CEA-expressing colorectal cancer cells, b CEA-bound 
immunoconjugates are internalized via receptor mediated endocytosis 
into early endosomes. c Maturation and acidification of endosomes 
allows CAR mAbs to release from target and promote interaction 
of EEP conjugates to endosomal membranes. d Following pore  

formation and subsequent lysis, CAR-gelonin may diffuse out of 
the endosome directly into the cytosol where gelonin can deactivate 
ribosomes. (Right) Schematic of the chemical linkers employed to 
conjugate either macromolecular toxin, gelonin, or EEP to antibody. 
H6CM18 is linked to mAb by a  N3-PEG3-vc-PABC linker with use 
of  Cu2+-free click chemistry. Gelonin is linked to mAb via an SPDP 
linker that requires reduction of the disulfide bond to release the toxin
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membrane-associated target will be freely available to dif-
fuse through pores formed by CAR-EEPs into the cytosol, 
where the toxin (e.g., gelonin) can mediate cell killing (e.g., 
via deactivation of ribosomes). As an alternative approach, 
we propose that efficient endosomal release within targeted 
cells may be facilitated through the use of cleavable linker 
chemistry, as developed within the antibody–drug conjugate 
field. Combined, targeted delivery and endosomal release of 
macromolecular toxins and EEP, either by use of CAR-mAb 
or by use of cleavable linkers, is expected to provide the 
combined attributes of high therapeutic selectivity and high 
potency. The present work tests this hypothesis through the 
development, characterization, in vitro and in vivo evaluation 
of mAb conjugates with EEP and gelonin.

MATERIALS AND METHODS

Colorectal Cancer Cell Lines

Two human colorectal cancer cell lines with high expres-
sion of membrane bound CEA, LS174T and LoVo, were 
employed in these studies. Both cell lines were purchased 
from the American Type Culture Collection (ATCC, Manas-
sas, VA). LS174T (CL-188) is a human colorectal adeno-
carcinoma that expresses 2 ×  106 molecules of CEA per cell 
(23), and LoVo (CCL-299) is a human colorectal adenocarci-
noma that expresses 3 ×  106 molecules of CEA per cell (24).

Natural Gelonin and Expression of Recombinant 
Gelonin

Natural gelonin (nGel) was purchased from Enzo (Farming-
dale, NY). Recombinant gelonin (rGel) amino acid sequence 
was obtained from UniProt (ID# P33186). The correspond-
ing DNA was optimized and synthesized by GenScript®. 
Following ligation into pET21b, rGel was produced through 
culture of transfected E. coli (strain Shuffle, New Eng-
land Biolabs, Ipswich, MA, C3029J), and then separated 
from contaminating proteins using a Bio-Scale Mini CHT 
Cartridge (BioRad, Hercules, CA, 7324324). Purity was 
assessed by sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS-PAGE) and Western blot analysis.

Antibody Conjugation to Gelonin and Endosomal 
Escape Peptides

10H6 and T84.66 were purified as described previously 
(22). Gelonin (i.e. nGel or rGel) was cross-linked to anti-
CEA antibodies using a disulfide linker SPDP based on 
previous methods (25). After the conjugation, gelonin con-
jugates were buffer exchanged into 20 mM  Na2HPO4, pH 
7.0 followed by protein G purification. Gelonin conjugates 

were assessed for purity and drug-to-antibody ratio by SDS-
PAGE (Fig. S2) and ELISA (26).

The H6CM18 peptide (described below) was custom-
synthesized by ThermoFisher with a  N3-PEG3-vc-PABC 
linker attached to the N-terminus. Addition of a terminal 
azide group allows conjugation to antibody by  Cu2+-free 
Click-Chemistry (27). T84.66 was functionalized with 
dibenzocyclooctyne-N-hydroxysuccinimidyl ester (DBCO-
NHS, Sigma-Aldrich, St. Louis, MO, 761524) by reacting 
at either 1:20 (high modification) or 1:5 (low modification) 
molar equivalents for 15 min at room temperature with con-
stant mixing in PBS. The reaction was quenched by spiking 
in 1 M Tris–HCl, pH 9.0 to a final concentration of 75 mM 
for 7 min. After quenching, the reaction was desalted into 
PBS and reacted with peptide at either 1:10 or 1:4 molar 
ratio (Ab:peptide) overnight at 4 °C. For site-specific conju-
gation, 3 mg of T84.66 in Dulbecco’s PBS was first reduced 
with 3.67 molar equivalents of 10 mM Tris(2-carboxye-
thyl)phosphine hydrochloride (TCEP) for 2 h at 37 °C in 
a polystyrene tube. Following TCEP reduction, free thiol 
groups were measured using 5,5-dithio-bis-(2-nitrobenzoic 
acid) (DTNB) (ThermoFisher, Grand Island, NY, 22582). 
Reduced antibody was reacted at room temperature for 1 h 
with 1:8 molar ratio DBCO-PEG4-Maleimide (Click Chem-
istry Tools, Scottsdale, AZ, A108P-25), where maleimide 
will react with free thiol groups of the antibody. This reac-
tion was quenched by buffer exchanging into DPBS and 
then reacted overnight at 4 °C with 4 molar equivalents of 
 N3-PEG3-vc-PAB-H6CM18, in 20% v/v DMF to prevent 
linker precipitation during reaction. Lysine and cysteine 
modification reactions were desalted and dialyzed into 
PBS, where peptide conjugation was confirmed by ELISA 
using CEA coated plates to capture anti-CEA antibody and 
detected with an anti-6xHis-alkaline phosphatase conjugate, 
which recognizes the hexahistidine sequence on H6CM18.

Cell Viability Assessments

Log-phase CEA-expressing cell lines were seeded in 96-well 
microtiter plates at 2500 cells/well (LS174T) or 5000 cells/
well (LoVo) in 175 μL of culture medium. Cells were 
allowed to adhere for 24 h before cell culture media was 
aspirated and replaced with 200 μL of fresh media contain-
ing a range of treatment and control concentrations. After a 
72-h treatment period, cells were washed three times with 
200 μL of fresh media. Following the final wash, 100 μL 
of complete media and 25 μL of 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma, St. 
Louis, MO) solution (5 mg/mL in pH 7.4 1xPBS) were 
added and incubated for 4 h in order to allow cells to reduce 
MTT to formazan dye. After MTT reduction, 100 μL of 
10% SDS prepared in 0.01 M HCl was added to each well 
and incubated overnight to solubilize the formazan crystals. 
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Formazan dye was measured at 590 nm and normalized 
by cell debris at 640 nm (Spectromax, Molecular Devices, 
Sunnyvale, CA). Half-maximal inhibitory concentration val-
ues  (IC50) were determined by fitting a cell growth inhibi-
tion model with variable slope using GraphPad Prism 7.04 
(GraphPad Software, Inc).

Fluorescent Microscopy

LS174T cells were seeded in 35 mm Glass bottom dishes 
with 10 mm micro-well cover glass (CellVis, Mountain 
View, CA, D35-10–1-N) at the density of 3000 cells/cov-
erslip for 24 h. Then culture medium was replaced with 
100 nM Alexa Fluor 680 labeled 10H6-gelonin with or 
without 50 nM T84.66-H6CM18. After 24-h incubation, 
cells were washed with Live Cell Imaging Solution (LCIS, 
Invitogen, Grand Island, NY, A14291DJ) and incubated 
with pHrodo Green (Invitrogen, Grand Island, NY) at 40 µg/
ml in LCIS at 37 °C for 30 min. Meanwhile, two drops/
ml of NucBlue® Live ReadyProbes® Reagent (Invitrogen, 
Grand Island, NY, R37605) was added into LCIS. After-
wards, cells were washed twice with ice-cold LCIS. A Leica 
DMi 8 inverted fluorescence microscope equipped with a 
63 × oil immersion objective was used for live cell imag-
ing. Cells were imaged in bright-field, or fluorescence with 
DAPI, GFP and LED-QUAD excitation cubes for detection 
of nuclei, endosomes, and 10H6-gelonin, respectively. 3D 
images with z stacks were acquired and 3D deconvolution 
processing was conducted using the autoquant blind decon-
volution software integrated into LAS X software. Colo-
calization between 10H6-gelonin and endo/lysosome was 
visualized using 2D intensity histogram and quantitatively 
assessed using the Pearson’s correlation coefficient (PCC) 
(28, 29), using the plugin Coloc 2 in the Fiji software®. PCC 
close to 1 indicates fluorescence intensities of two channels 
are perfectly linearly related, near 0 represents the two fluo-
rescence intensities are uncorrelated and -1 means perfect 
negative correlation.

Toxicity Assessment of 10H6‑rGel

Male athymic nude mice, 4–6 weeks (Jackson Laboratory, 
Bar Harbor, ME), received subcutaneous injections of ~  106 
LS174T in the left flank. 10H6-rGel was administered at 
1, 10, or 25 mg/kg intravenously via the retro-orbital sinus 
plexus when tumor sizes reached 200–300  mm3. Mice were 
assigned to treatment groups by a single blind randomiza-
tion (n = 3). Tumor volumes were calculated as: 0.5∙l∙w2, 
where “l” represents the longest diameter of the tumor and 
“w” represents the diameter perpendicular to “l”. Mice were 
euthanized if tumor diameter exceeded 20 mm, or in cases 
of tumor ulceration, weight loss > 15%, or in cases where 
mice exhibited signs of pain or distress.

In vivo Efficacy

Male athymic nude mice (The Jackson Laboratory, Bar Har-
bor, ME) received subcutaneous injections of ~  106 LS174T. 
Single-dose efficacy was assessed with 1 mg/kg T84.66-
rGel or 10H6-rGel administered alone or with either 0.1 
or 1 mg/kg T84.66-H6CM18, intravenously, via the retro-
orbital sinus plexus of mice bearing 200–300  mm3 tumors. 
Mice were assigned to treatment groups by a single blind 
randomization (n = 5). In a multiple-dose efficacy study 
(n = 6/group), 10H6-rGel was administered to ~ 100  mm3 
tumor-bearing mice at 1 mg/kg with either 0.1 or 1 mg/kg 
T84.66-H6CM18, every four days, intravenously, via the 
retro-orbital sinus plexus. Tumor volumes were calculated 
as described above.

RESULTS

Enhancement of nGel Potency by H6CM18

His-CM18-PTD4 is a chimeric peptide that consists of amino 
acid residues 1–7 of cecropin-A, 2–12 of melittin, 47–57 
of TAT variant PTD4, and an N-terminal hexahistidine tag 
(30–32). This peptide has shown great utility in mediating 
delivery and endosomal escape of CRISPR/Cas9 compo-
nents and up to 250 kDa fluorescent dextrans to cells (32). 
In order to evaluate this peptide for our delivery strategy, we 
truncated His-CM18-PTD4 to His-CM18 (hereon referred to 
as H6CM18) and added a cathepsin B cleavable linker, vc-
PABC (33), to facilitate conjugation to mAb and to enable 
release of native (i.e., unmodified) membrane lytic peptide 
following proteolytic cleavage in cellular endosomes. Con-
jugation was achieved by employing  Cu2+-free click chem-
istry, where the vc-H6CM18 linker contains a  PEG3 spacer 
with a terminal azide functional group. We have opted to 
use T84.66 for development of H6CM18 conjugates due to 
the high affinity for CEA and use of a protease cleavable 
linker. Modification of T84.66 lysine residues by NHS-
DBCO resulted in superior peptide load when compared to 
conjugates prepared by site-specific cysteine modification. 
ELISA using an anti-hexahistidine tag antibody conjugated 
with alkaline phosphatase enzyme confirmed this modifica-
tion (Fig. S3A).

Initial cytotoxicity evaluations with LS174T colorectal 
cancer cells were performed using 10H6-nGel combined 
with T84.66-H6CM18 (high modification). The combi-
nation improved the  IC50 value of 10H6-nGel from 1040 
to 34.9 nM (400:1 ratio of 10H6-nGel:T84.66-H6CM18) 
and 164 nM (10H6-nGel + fixed 50 nM T84.66-H6CM18) 
(Fig. 2a, Table I). T84.66-H6CM18 alone did not exhibit 
any cytotoxicity up to 100 nM (Fig. S3B). Competitive 
flow cytometry analyses showed no competition between 
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T84.66 and 10H6 for binding to CEA + cells (Fig. S4), indi-
cating the ~ 30-fold enhancement in gelonin potency with 
10H6-nGel + T84.66-H6CM18 combination is most likely 
due to the moderate/low binding affinity of 10H6-nGel (i.e., 
 KD,10H6 = 10 nM).

Due to expectations for direct competition between the 
T84.66 conjugates, T84.66-H6CM18 was applied at a fixed 

concentration of 25 pM in combination with T84.66-nGel. 
Based on T84.66 affinity for CEA, it is expected that the 
25 pM concentration of T84.66-H6CM18 will achieve ~ 75% 
CEA occupancy. This combination lowered the  IC50 of 
nGel from 1040 nM to 0.769 nM in LS174T cells (Fig. 2b, 
Table I). Although high modification of T84.66 enhanced 
potency of gelonin, this conjugate tended to precipitate; 

Fig. 2  Cell viability assays evaluating the combination strategy utilizing 
T84.66-H6CM18 as a potentiator. a Cell viability assay with LS174T 
cells evaluating 10H6 targeted nGel in presence of T84.66-H6CM18 
(NHS, high modification) nGel and 10H6-nGel are presented in open 
circles and black circles. 10H6-nGel and T84.66-H6CM18 were 
incubated at either a constant 400:1 ratio (open squares), based on 
 KD difference, or a fixed 50  nM concentration of T84.66-H6CM18 
(closed squares). T84.66-nGel (closed circles) was evaluated with 

low modification of NHS (closed squares), high modification NHS 
(closed upright triangles), and site-specific chemistry using maleimide 
modification (closed inverse triangles) in b LS174T and c LoVo 
colorectal cancer cell models. T84.66-rGel was evaluated with all three 
T84.66-H6CM18 conjugates in d LS174T and e LoVo colorectal cancer 
cell models. Free gelonin (open circles) are provided for comparison. 
Symbols represent mean cell viability and bars represent standard 
deviation of the mean

Table I  LS174T Cell 
Cytotoxicity of mAb-Gelonin in 
Presence of T84.66-H6CM18. 
10H6-Gel or T84.66-Gel were 
evaluated with low modification 
of NHS, high modification 
NHS, and site-specific 
chemistry using maleimide 
modification in LS174T 
colorectal cancer cell models. 
Table includes IC50, CV% and 
95% confidence interval. Cell 
cytotoxicity data of free rGel, 
free nGel and T84.66-H6CM18 
are provided for comparison

* statistical significance of T84.66-H6CM18 combination compared to gelonin based on extra sum-of-
squares F-test, p < 0.05

Treatment Condition IC50 (nM) CV% CI (95%)

nGel 1040 4.93 [937 – 1150]
10H6-nGel* 1330 11.0 [1040 – 1650]
T84.66-H6CM18 N.D N.D N.D
400:1 (10H6-nGel:T84.66-H6CM18)* 34.9 17.1 [23.4 – 49.4]
10H6-nGel + 50 nM T84.66-H6CM18* 164 9.00 [128 – 214]
T84.66-nGel* 94.6 17.3 [68.2 – 138]
 + 25 pM T84.66-H6CM18 (NHS, Low)* 1.05 4.90 [0.955 – 1.19]
 + 25 pM T84.66-H6CM18 (NHS, High)* 0.769 4.67 [0.698 – 0.846]
 + 25 pM T84.66-H6CM18 (Maleimide)* 1.05 4.95 [0.958 – 1.19]
rGel 504 9.68 [411 – 615]
T84.66-rGel* 86.5 20.0 [58.7 – 133]
 + 25 pM T84.66-H6CM18 (NHS, Low)* 2.19 13.2 [1.69 – 2.93]
 + 25 pM T84.66-H6CM18 (NHS, High)* 1.63 12.2 [1.28 – 2.10]
 + 25 pM T84.66-H6CM18 (Maleimide)* 1.13 35.7 [0.581 –2.67]
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therefore, a lower modification ratio was used to develop 
a more viable peptide conjugate for in vivo applications. In 
addition, a maleimide activated DBCO reagent was used to 
react with free thiol groups of reduced T84.66 to develop 
site-specific conjugates. T84.66-H6CM18 (NHS, low or 
maleimide) in combination with T84.66-nGel increased 
potency of gelonin to 1.05 nM (Fig. 2b). The combination 
was evaluated in a second colorectal cancer cell line, LoVo. 
nGel exhibited an  IC50 value of 6.48 μM, which was lowered 
by conjugation to T84.66 to 24.6 nM. In combination with 
NHS-low, NHS-high, and maleimide T84.66-H6CM18, the 
 IC50 value further decreased to less than 1 nM (Fig. 2c and 
Table II).

Enhancement of rGel Potency by H6CM18

For in vivo application, prior reports have demonstrated 
specific macrophage and liver sinusoidal endothelial cell 
receptors (e.g., mannose receptor) recognize carbohy-
drate moieties expressed on nGel, which can potentially 
lead to liver toxicities and vascular leak syndrome. To 
prevent non-specific uptake of gelonin immunotoxins 
in vivo, gelonin was expressed recombinantly in E. coli, 
where expressed proteins lack any glycosylation. rGel was 
successfully expressed and purified with moderate yield 
(~ 1.5 mg/L) (Fig. S1A) and high purity following CHT 
hydroxyapatite chromatography (> 95% by SDS-PAGE 
and Western blot) (Fig. S1B). T84.66 immunotoxins were 
synthesized successfully and purified using Protein G 
chromatography (Fig. S1C). rGel and T84.66-rGel were 
first evaluated in LS174T colorectal cancer cells and dem-
onstrated  IC50 values of 504 nM and 86.5 nM, respectively. 
T84.66-H6CM18 enhanced the potency of T84.66-rGel to 
2.19, 1.63 or 1.13 nM (NHS low, NHS high, and maleim-
ide, respectively) (Fig. 2d, Table I). In LoVo colorectal 
cancer cells, rGel exhibited an  IC50 of 948 nM, similar to 

that of nGel, while T84.66-rGel also displayed a similar 
 IC50 value of 56.9 ± 8.48 nM (Fig. 2e, Table II). In combi-
nation with low and high modification T84.66-H6CM18, 
the  IC50 values decreased to 2.13 nM and 0.249 nM, while 
site-specific H6CM18 conjugates exhibited an  IC50 of 
0.750 nM (Fig. 2e, Table II). These results, shown in two 
colorectal cancer cell models, demonstrate that T84.66-
H6CM18 potentiated gelonin cytotoxicity by > 6,000-fold.

Endosomal Escape Potentiation by H6MC18

To assess the impact of T84.66-H6CM18 on the distri-
bution of gelonin from endosomes, LS174T cells were 
incubated with 10H6-gelonin-Alexafluor 680 alone or in 
combination with T84.66-H6CM18 for 24 h. The pH-sen-
sitive fluorescent dye pHrodo-green was used to identify 
endosomes and lysosomes (34, 35), as pHrodo is non-flu-
orescent at neutral pH, but brightly fluorescent at acidic 
pH. Cells were imaged by fluorescence microscopy. Most 
of the 10H6-gelonin (red) colocalized with pHrodo-green, 
as displayed in yellow (Fig. 3a), with a small fraction of 
10H6-gelonin found outside of endosomes (Figure S5A-
S5D). However, following co-incubation with T84.66-
H6CM18, a large quantity of 10H6-gelonin escaped 
endosomes (Fig. 3b, Figure S5E-H). To assess the corre-
lation of pixel intensities of 10H6-gelonin and endo-/lys-
osomes, 2D intensity histograms were generated (Fig. 3c 
& d), and the colocalization between the two fluorescent 
signal was quantified by Pearson’s correlation coefficient 
(PCC) analysis. The PCC value of 10H6-gelonin alone 
was 0.544 ± 0.137, while in combination with T84.66-
H6CM18, the PCC was 0.110 ± 0.136. The significant 
decrease in PCC (p = 0.0010) demonstrates that T84.66-
H6CM18 enhances the endosomal escape of 10H6-gelonin 
(Fig. 3e).

Table II  LoVo Cell Cytotoxicity 
of T84.66-Gelonin in Presence 
of T84.66-H6CM18. T84.66-
Gel were evaluated with 
low modification of NHS, 
high modification NHS, and 
site-specific chemistry using 
maleimide modification in 
LoVo colorectal cancer cell 
models. Table includes IC50, 
CV% and 95% confidence 
interval. Cell cytotoxicity data 
of free rGel and free nGel are 
provided for comparison

* statistical significance of T84.66-H6CM18 combination compared to gelonin based on extra sum-of-
squares F-test, p < 0.05

Treatment Condition IC50 (nM) CV% CI (95%)

nGel 6480 12.6 [4900 – 8530]
T84.66-nGel* 24.6 15.5 [18.0 – 33.4]
 + 25 pM T84.66-H6CM18 (NHS, Low)* 0.594 9.57 [0.492 – 0.724]
 + 25 pM T84.66-H6CM18 (NHS, High)* 0.677 7.55 [0.584 – 0.793]
 + 25 pM T84.66-H6CM18 (Maleimide)* 1.49 17.8 [1.10 – 2.24]
rGel 948 9.39 [747 – 1140]
T84.66-rGel* 56.9 14.9 [40.2 – 76.7]
 + 25 pM T84.66-H6CM18 (NHS, Low)* 2.127 27.1 [1.02 – 3.44]
 + 25 pM T84.66-H6CM18 (NHS, High)* 0.249 76.4 [0.00854 – 0.713]
 + 25 pM T84.66-H6CM18 (Maleimide)* 0.750 32.2 [0.298 – 1.31]
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Dose Optimization‑Toxicity Assessment

Prior to evaluating in vivo efficacy of rGel immunotoxins 
and T84.66-H6CM18, 10H6-rGel immunotoxins were evalu-
ated, following a range of doses, in LS174T xenograft-mice. 

Doses of 1, 10, and 25 mg/kg were selected based on prior 
published work with gelonin immunotoxins (36, 37). Tumor 
burden in response to 10H6-rGel treatment was similar 
across all treatments. Interestingly, 25 mg/kg of either 10H6 
or 10H6-rGel demonstrated a minor delay in tumor growth 

Fig. 3  Endosomal escape of CAR conjugate strategy by fluorescent 
microscope. Representative fluorescence images of LS174T cells 
incubated with a  10H6-gelonin alone or b  10H6-gelonin in combi-
nation of T84.66-H6CM18. 10H6-gelonin was labeled with Alexa 
fluor 680 (red), endosomes/lysosomes were stained with pHrodo-
green (green), and nuclei was stained with NucBlue® Live Ready-
Probes® Reagent (blue). Merged green and red particles were shown 
as yellow. Representative 2D intensity histogram of green fluores-

cence and red fluorescence in the condition of c 10H6-gelonin alone 
(PCC = 0.51) or d 10H6-gelonin in combination of T84.66-H6CM18 
(PCC = 0.20). e  Co-localization coefficient (PCC ± SD) between the 
red and green fluorescence intensity. (10H6-gelonin: N = 5 fields, 55 
cells; 10H6-gelonin + T84.66-H6CM18: N = 5 fields, 92 cells). 2D 
intensity histogram and PCC analysis were generated by Coloc2 in 
Fiji
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as compared to the PBS control (Fig. 4a). For mice treated 
with 25 mg/kg doses of 10H6-rGel, significant adverse 
events were observed within 4 days after treatment, as mice 
lost > 15% body weight (Fig. 4b) or demonstrated signs of 
distress (e.g., cold skin and arching backs). Due to occur-
rence of adverse events, all mice were euthanized by day 6 
(Fig. 4c). 10H6-rGel at 10 mg/kg caused an average decrease 
in body weight of ~ 6%, with one mouse losing > 15% body 
weight by day 3. Animals treated with 1 mg/kg 10H6-rGel 
exhibited no observable adverse events and no decreases 
in body weight (Fig. 4b). A Kaplan–Meier survival analy-
sis demonstrated a slight trend toward increased survival in 
comparisons of 10H6 and 10H6-rGel at 25 mg/kg vs. PBS 
treatment, but survival differences were not statistically 
significant (Fig. 4c, p = 0.419). mAb-rGel at 1 mg/kg was 
selected for use in subsequent combination studies, as no 
adverse events were observed following administration of 
10H6-rGel at this dose.

EEP/IT Single‑dose Efficacy Evaluation

10H6-rGel and T84.66-rGel were evaluated for efficacy in 
mice bearing LS174T tumors, following doses of 1 mg/kg, 
administered alone or in combination with 0.1 or 1 mg/kg 
T84.66-H6CM18. Animals treated with T84.66-rGel and 
10H6-rGel alone demonstrated similar tumor growth as 
found with administration of PBS, indicating a lack of ben-
efit from treatment of 1 mg/kg immunotoxin alone (Fig. 5a). 
Mice treated with T84.66-rGel in combination with T84.66-
H6CM18 at 0.1 mg/kg also demonstrated a similar tumor 

Fig. 4  10H6-rGel in vivo efficacy and toxicity in LS174T xenograft-
bearing mice. a Tumor growth and b change in body weight of mice 
bearing LS174T-xenografts following response to PBS (closed circles), 
25  mg/kg 10H6 (open circles), 1  mg/kg 10H6-rGel (closed squares), 
10 mg/kg 10H6-rGel (open squares), and 25 mg/kg 10H6-rGel (closed 
triangle). Mice were administered treatments on Day 0. Symbols 

represent means while bars represent standard deviations of the 
mean. Dotted line represents 0% change in body weight. c  Kaplan–
Meier survival analysis in response to PBS (closed circles), 25 mg/kg 
10H6 (open circles), 1  mg/kg 10H6-rGel (closed squares), 10  mg/kg 
10H6-rGel (open squares), and 25 mg/kg 10H6-rGel (closed triangle)

Fig. 5  T84.66-H6CM18 co-treatment improves response of LS174T 
xenografts to 10H6-rGel and T84.66-rGel. Mice were administered 
PBS (open circles), 1  mg/kg T84.66-rGel (black circles), 1  mg/kg 
T84.66-rGel + 0.1  mg/kg T84.66-H6CM18 (open squares), 1  mg/kg 
T84.66-rGel + 1  mg/kg T84.66-H6CM18 (closed squares), 1  mg/kg 
10H6-rGel (open triangles), 1 mg/kg 10H6-rGel + 0.1 T84.66-H6CM18 
(closed triangle), 1  mg/kg 10H6-rGel + 1  mg/kg T84.66-H6CM18 
(inverse triangles). A Student’s t-test was used to determine the 
statistical difference between treatment groups and PBS (*, p = 0.0388; 
**, p = 0.0156)
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growth as found in PBS treated mice. However, the com-
bination of 1 mg/kg T84.66-H6CM18 with T84.66-gelonin 
(1 mg/kg) led to an approximate 50% decrease in tumor 
burden (p = 0.0388). The pH-dependent antibody immuno-
toxin, 10H6-rGel (1 mg/kg), in combination with 0.1 mg/
kg T84.66-H6CM18, also demonstrated a ~ 50% decrease in 
average tumor burden when compared to results from mice 
receiving PBS or 10H6-rGel alone (p = 0.0156). Combina-
tions of T84.66-rGel or 10H6-rGel with T84.66-H6CM18 
did not cause any observable toxicity. Although the data pre-
sented in Fig. 5 describes tumor burden up to the day all PBS 
treated mice died, all other treatment groups were monitored 
continually until death, where tumor burden, weight loss, 
and survival are provided in Fig. S6. These data suggest 
a single bolus dose of the 10H6-rGel + T84.66-H6CM18 
(0.1 or 1 mg/kg) was able to significantly delay growth of 
LS174T tumors in xenograft-bearing mice.

Multi‑Dose Efficacy Evaluation

In order to pursue a more sustained response, we designed 
a multi-dose regimen for combination therapy with targeted 
gelonin and H6CM18, with intravenous injections adminis-
tered every four days. PBS or 1 mg/kg of T84.66-H6CM18 
were administered alone for comparison. With dosing every 
4 days, animals treated with T84.66-H6CM18 alone demon-
strated similar tumor growth as animals administered with 
PBS, suggesting no benefits from T84.66-H6CM18 admin-
istration (alone). Groups of mice treated with 10H6-rGel 
(1 mg/kg) in combination with T84.66-H6CM18 (0.1 mg/
kg or 1 mg/kg) showed significant delays in tumor growth 
(Fig.  6a & Fig. S7). Consistent with findings from the 

single-dose co-administration, the multi-dose regimen 
did not lead to significant changes in mean body weight 
(Fig.  6b). The combination of 10H6-rGel and T84.66-
H6CM18 (0.1 mg/kg) significantly extended the median 
survival of mice to 19.5 days, as compared to 13 days for 
PBS (**p = 0.0072) and 11 days for mice receiving T84.66-
H6CM18 alone (***p = 0.0005) (Fig.  6c). 1  mg/kg of 
T84.66-H6CM18 in combination of 10H6-rGel significantly 
extended the median survival of mice to 22 days, as com-
pared to the PBS (**p = 0.0017) and T84.66-H6CM18 alone 
(***p = 0.0002) (Fig. 6c). The combination of 10H6-rGel 
with 1 mg/kg T84.66-H6CM18 showed better overall per-
formance than the combination of 10H6-rGel with 0.1 mg/
kg T84.66-H6CM18, but the differences between the two 
treatment groups were not statistically significant.

DISCUSSION

In 1970, Moolten and Cooperband described the develop-
ment of an antibody-diphtheria toxin conjugate that selec-
tively lysed cells that were infected with the mumps virus 
(38). In the 40 years since the first reported IT, substantial 
efforts have been made to develop ITs for cancer therapy (1, 
39, 40); however, clinical success has been limited. Poor 
IT efficacy against solid tumor cancers may relate to physi-
cal barriers that impede IT uptake and penetration (41–43), 
and to off-target toxicities that limit IT doses below those 
necessary to effectively treat tumors (3, 44). Gelonin, a type 
I RIP, is well-tolerated; however, gelonin based ITs gener-
ally demonstrate poor potency and clinical investigations 
failed to demonstrate anti-cancer efficacy (11). There have 

Fig. 6  Multidosing of T84.66-H6CM18 with 10H6-rGel increases the 
median survival of mice bearing LS174T xenografts. a Tumor growth 
and b change in body weight of mice bearing LS174T-xenografts fol-
lowing in response to PBS (open circles), 1 mg/kg T84.66-H6CM18 
(closed circles), 1  mg/kg 10H6-rGel + 0.1  mg/kg T84.66-H6CM18 
(open squares), 1  mg/kg 10H6-rGel + 1  mg/kg T84.66-H6CM18 
(closed squares). Mice were administered treatments on Day 0, 

4, 8, 12, 16, 20, 24, 28. Symbols represent means while bars rep-
resent standard deviations of the mean and asterisks note statisti-
cal significance from PBS. Dotted line represents 0% change in 
body weight. c  Kaplan–Meier survival analysis in response to PBS 
(open circles), 1  mg/kg T84.66-H6CM18 (closed circles), 1  mg/kg 
10H6-rGel + 0.1  mg/kg T84.66-H6CM18 (open squares), 1  mg/kg 
10H6-rGel + 1 mg/kg T84.66-H6CM18 (closed squares)
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been various strategies to improve the endosomal escape 
efficiency and potency of gelonin. Chemical endosomal 
escape enhancers including lysosomotropic amines, car-
boxylic ionophores, and calcium channel antagonists have 
enhanced the cytotoxicity of gelonin by 10 ~ 15 fold (45, 
46), and wortmannin co-administration significantly poten-
tiated bFGF-gelonin anti-tumor efficacy in mice (47). Shin 
et al. explored direct conjugation of a protein transduc-
tion domain, TAT, to gelonin and demonstrated enhanced 
in vitro potency by ~ 85-fold in various cancer cell models 
(48). Recently, photochemical internalization strategies have 
been developed to enhance gelonin potency in vitro and in 
vivo, including clinical investigations (49–54). To date, there 
are few reports of the development of targeted delivery sys-
tems, suitable for treatment of distant metastases, that enable 
substantially increased anti-cancer potency of gelonin. The 
Yang group pursued antibody-directed TAT-gelonin using an 
anti-CEA antibody, T84.66, and noncovalent, electrostatic 
TAT-heparin interaction to enable enhanced penetration of 
cancer cell plasma membranes following dissociation from 
heparin. Unfortunately, evaluation of this strategy using 
LS174T cells indicated no enhancement of gelonin potency 
(55). A second strategy, proposed by the Wittrup laboratory, 
used recombinant listeriolysin O (LLO) and gelonin fusion 
proteins, where fibronectins were employed to target either 
EGFR or CEA. When used in combination, the LLO fusion 
protein potentiated the potency of gelonin fusion proteins 
by more than 1,000-fold in vitro (56). However, toxicities 
and immunogenicity associated with LLO may complicate, 
or even preclude, development for in vivo application in 
humans.

The present strategy attempts to enhance therapeutic 
selectivity of IT by use of agents with the following prop-
erties: 1) little to no toxicity following treatment with the 
escape agent or toxin when administered alone; 2) vec-
tors that allow delivery and release of the toxin and escape 
agent from the endosomal membranes of targeted cells; 3) 
escape agents capable of forming pores sufficient for pas-
sage of ≥ 30 kDa toxins; and 4) escape agents capable of 
rapid pore formation/membrane disruption in endosomes. 
With application of ideal targeting and escape agents, we 
have hypothesized that it will be possible to increase gelonin 
potency by more than 10,000-fold.

His-CM18-PTD4 has been demonstrated to enable rapid 
translocation of macromolecules to the cytoplasm of cells 
in culture, presumably via the proton sponge effect (vs. via 
pore formation) (57–59). To enable enhanced delivery of 
macromolecular toxins to the cytoplasm of targeted cells, 
we employed a vc-PABC linker to conjugate H6CM18 to 
tumor-specific monoclonal antibodies. The vc-PABC linker 
is commonly used in antibody–drug conjugates, including 
the FDA-approved agent brentuximab vedotin. This linker 
undergoes cleavage by cathepsin B within late-endosomes 

and lysosomes, freeing the unstable PABC moiety, which 
undergoes 1,6-elimination with a loss of p-iminoquinone 
methide and  CO2 (i.e. self-immolation) in acidic conditions 
of endosomes and lysosomes (60, 61). This self-immolation 
of PABC then results in a “native” state H6CM18 peptide, 
which can freely interact with endosomal membranes and 
destabilizing endosomes. We hypothesized that this peptide 
may be ideal for our delivery strategies, as His-CM18-PTD4 
increased cytosolic delivery of CRISPR/Cas9 components 
and 250 kDa fluorescent dextrans following a 1–2-min 
incubation (57–59). Combinations with 10H6-nGel and 
T84.66-H6CM18 demonstrated a ~ 30-fold enhancement 
in potency. Fluorescent microscopy provided mechanistic 
evidence that the potency of 10H6-gelonin was potentiated 
by H6CM18 by increasing endosome escape. In order to 
observe an  IC50 value  103–104 fold greater than gelonin, 
a high-affinity antibody (e.g., T84.66) may be required to 
promote antigen engagement and prevent rapid antigen 
dissociation. We tested this hypothesis using our strat-
egy by combining T84.66-nGel with concentrations of 
T84.66-H6CM18 that achieve ~ 75% receptor occupancy 
(i.e., 25 pM). This co-treatment approach is similar to that 
employed by Pirie et al., which described use of compet-
ing targeting domains, with use of a targeted lytic agent at 
concentrations resulting in ~ 70% receptor occupancy (56). 
Their results demonstrated that targeted LLO fusion proteins 
enhanced the potency of anti-CEA gelonin immunotoxins 
from approximately 1 μM to 1 nM, and our combination 
strategy was found to yield similar results (i.e., 1,000- 6,000-
fold enhancements in gelonin potency). However, unlike the 
LLO fusion proteins used by Pirie et al., our mAb-H6CM18 
conjugates appear to be non-toxic.

It is important to note that we have not included in this 
work comparisons of the cytotoxicity of our combination 
approach when applied to cells expressing human CEA vs. 
when applied to cells that do not express CEA. However, our 
prior work has demonstrated on-target specificity of 10H6 
and T84.66 through flow cytometry studies that showed 
substantial binding of each antibody to murine cancer cells 
expressing human CEA  (MC38CEA+), with no detectable 
binding to cells lacking CEA expression  (MC38CEA−) (22). 
Due to the low expression of human CEA in this transfected 
murine cell line, MC38 cells are not useful for evaluation 
of the efficacy of the co-delivery strategy described in this 
manuscript. We are not aware of a suitable cell pair for 
appropriate evaluation of a targeting index or for appro-
priate assessment of therapeutic selectivity in cell culture. 
However, demonstration of in vivo anti-tumor efficacy at 
dose-levels leading to no observable toxicity, as shown in the 
manuscript, likely provides the most meaningful evaluation 
of the therapeutic selectivity of our approach.

Prior work within our laboratory showed that the maxi-
mum tumor concentration of T84.66, following a 1 mg/kg 
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dose in LS174T xenograft-bearing mice, is ~ 10–30 nM 
(62). On average, gelonin immunoconjugates exhibit a 
twofold greater plasma clearance than the naked IgG mol-
ecule, without altering tumor selectivity (63). Considering 
this change in pharmacokinetics, it is possible the dose of 
1 mg/kg gelonin ITs in LS174T would yield concentrations 
around the in vitro  IC50 value (i.e. ~ 1 nM). Pharmacoki-
netic analyses of peptide conjugates in a mouse model of 
colorectal cancer (data not shown) determined conjugation 
of H6CM18 to 10H6 only led to minor alterations in the 
pharmacokinetics, with an increase in clearance by ~ 1.6-
fold, but with no significant effect on tumor selectivity. 
Based on PK and cytotoxicity, we selected a 1 mg/kg mAb-
gelonin dose + 0.1/1 mg/kg T84.66-H6CM18 for evalua-
tion. Based on our tumor growth inhibition studies, immu-
notoxin treatment (alone) displayed no efficacy, along with 
T84.66-rGel + T84.66-H6CM18 at 0.1 mg/kg. The lack of 
efficacy for the latter treatment could be due to sub-optimal 
concentrations of T84.66-H6CM18 because of TMDD and 
competition with T84.66-rGel. However, increasing the dose 
of T84.66-H6CM18 to 1 mg/kg resulted in an efficacious 
response. Interestingly, the T84.66-H6CM18 + 10H6-rGel 
combinations demonstrated superior inhibition of tumor 
growth. Our original hypothesis suggested CAR mAbs can 
be utilized to achieve pH-dependent release of membrane-
associated CEA, promoting diffusion or CAR-toxin past the 
membrane. Although our cross-linker is cleavable, the con-
centrations of glutathione within endosomes may be insuffi-
cient to reduce the disulfide bond. Therefore, pH-dependent 
release of CEA by 10H6 may allow improved delivery of 
gelonin into the cytosol, while T84.66-rGel remains bound 
to membrane-associated CEA (and, possibly, directed toward 
lysosomal catabolism). Additionally, the lower affinity of 
10H6 compared to T84.66 could also increase tumor distri-
bution, relative to T84.66-rGel, due to binding site barrier 
effects (64). However, further studies must be conducted to 
evaluate these hypotheses. Of note, our laboratory recently 
reported a strategy to overcome the binding site barrier using 
transient competitive inhibitors of mAb-antigen binding (65, 
66). This approach may be evaluated in combination with 
ITs with high affinity antigen binding, such as T84.66-rGel, 
to evaluate the impact of heterogenous tumor penetration 
on IT efficacy.

As with all protein-based therapies, clinical application of 
our proposed combination therapy would bring some risk for 
toxicity and/or for reduced efficacy resulting from the devel-
opment of host anti-drug antibodies (i.e., anti-antibody, anti-
H6CM18, or anti-gelonin antibodies). Interestingly, no adverse 
effects relating to immunogenicity were reported following 
clinical evaluation of HUM-195/rGel, a gelonin immuno-
toxin, with administration of 10 mg/m2 every 76–98 h for six 
courses of therapy (67). Although we did not attempt to assay 
for host anti-drug antibodies, development of such antibodies 

in our study is considered unlikely, owing to our use of NU/J 
homozygous immunodeficient mice, which lack T cells and 
show blunted B cell development. We plan to investigate host 
immune responses to our combination therapy in subsequent 
investigations through use of immunocompetent C57BL/6 
mice (22).

The LS174T xenograft model employed in this study is 
well-known to be poorly responsive to monoclonal antibody-
based therapy. For example, in our prior investigations, uncon-
jugated 10H6 and unconjugated T84.66 demonstrated no 
effects on LS174T tumor growth (68). Shin et al. also found no 
significant effects on tumor growth following administration 
of T84.66 and T84.66-Gel conjugates to mice with LS174T 
xenografts (69). Similar results (lack of substantial efficacy) in 
this model have been shown following treatment with labetu-
zumab (70) and cetuximab (71–73). When evaluated in con-
text with prior investigations of monoclonal antibodies in the 
LS174T mouse model, the 50% tumor burden reduction and 
69% survival extension observed for our combination therapy 
may be considered to be quite promising.

CONCLUSION

In summary, our work demonstrated  103–104-fold enhance-
ment of gelonin potency with conjugation to a specific anti-
tumor antigen antibody and with cotreatment with targeted 
delivery of an endosomal escape peptide (H6CM18). Impor-
tantly, we employed a protease cleavable and self-immolative 
linker (i.e. vc-PABC) that enables release of native peptide 
within late endosomes. CAR mAbs showed promise in vivo 
when combined with high affinity, T84.66-H6CM18 peptide 
conjugates, reducing tumor burden by ~ 50% and increasing 
survival duration by ~ 70%. These studies provide positive ini-
tial evidence, demonstrating significant anti-tumor effects and 
low toxicity, which supports further development of strategies 
for co-administration of antibody conjugates enabling targeted 
delivery RIPs and endosomal escape peptides.
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