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Abstract. The epidermal growth factor receptor (EGFR) 
remains one of the best molecules for developing targeted 
therapy for multiple human malignancies, including head and 
neck squamous cell carcinoma (HNSCC). Small molecule 
inhibitors or antibodies targeting EGFR have been extensively 
developed in recent decades. Immunotoxin (IT)‑based therapy, 
which combines cell surface binding ligands or antibodies with 
a peptide toxin, represents another cancer treatment option. 
A total of 3 diphtheria toxin (DT)‑based fusion toxins that 
target human EGFR‑monovalent EGFR IT (mono‑EGF‑IT), 
bivalent EGFR IT (bi‑EGF‑IT), and a bispecific IT targeting 
both EGFR and interleukin‑2 receptor (bis‑EGF/IL2‑IT) were 
recently generated by the authors. Improved efficacy and 
reduced toxicity of bi‑EGF‑IT compared with mono‑EGF‑IT 
in immunocompromised HNSCC mouse models was reported. 
In the present study, bis‑EGF/IL2‑IT were generated using a 
unique DT‑resistant yeast expression system and evaluated the 
in vitro and in vivo efficacy and toxicity of the 3 EGF‑ITs in 
immunocompetent mice. The results demonstrated that while 
the three EGF‑ITs had different efficacies in vitro and in vivo 

against HNSCC, bi‑EGF‑IT and bis‑EGF/IL2‑IT had signifi‑
cantly improved in vivo efficacy and remarkably less off‑target 
toxicity compared with mono‑EGF‑IT. In addition, bis‑EGF/
IL2‑IT was superior to bi‑EGF‑IT in reducing tumor size 
and prolonging survival in the metastatic model. These data 
suggested that targeting either the tumor immune microenvi‑
ronment or enhancing the binding affinity could improve the 
efficacy of IT‑based therapy. Bi‑EGF‑IT and bis‑EGF/IL2‑IT 
represent improved candidates for IT‑based therapy for future 
clinical development.

Introduction

Head and neck squamous cell carcinoma (HNSCC) comprise 
a heterogeneous group of cancers derived from the oral cavity, 
nasopharynx, oropharynx, hypopharynx, and larynx (1). An 
estimated 65,000 new cases of HNSCC are diagnosed each year 
in the USA, where it is the seventh most common cancer (2). 
Tobacco, alcohol consumption, and human papillomavirus 
(HPV) infection are known risk factors for HNSCC (3‑5). 
HNSCC remains a lethal disease despite concerted efforts to 
improve treatment options, including surgery, chemotherapy, 
targeted therapy and immunotherapy  (1,6‑8). The 5‑year 
survival rate for HNSCC decreases drastically with cancer 
stage, from ~80% in early stages (I‑II) to only ~40% for 
advanced stages (III‑IV) (9‑11).

The epidermal growth factor receptor (EGFR) remains 
the best molecule for HNSCC‑targeted therapy, given its 
high frequency of overexpression in this disease, regardless 
of stage or HPV status (12‑14). Targeting EGFR with either 
an antibody (e.g., cetuximab) or small molecule inhibitor 
(e.g., erlotinib) has been extensively investigated in clinical 
trials and has been approved by the FDA for the treatment of 
patients with advanced HNSCC (7,15‑18). However, clinical 
efficacy is modest, and acquired resistance to EGFR inhibitors 
often occurs over time (1,7,19,20). Thus, additional therapeu‑
tics with improved efficacy that could potentially overcome 
this resistance are urgently needed (21,22).
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Immunotoxin (IT)‑based therapy combines cell surface 
binding ligands or antibody‑based single‑chain fragment vari‑
able (scFv) with a peptide toxin and represents another cancer 
treatment option (23‑25). A novel bivalent diphtheria toxin 
(DT)‑based EGF fusion toxin (bi‑EGF‑IT) with improved 
efficacy and remarkably less off‑target toxicity than the 
monovalent EGF‑IT (mono‑EGF‑IT) in human HNSCC cell 
lines and HNSCC mouse models established in immunocom‑
promised mice was recently developed by the authors (26). 
In the present study, the efficacy and toxicity of human 
bi‑EGF‑IT was further evaluated in immunocompetent mice 
in the presence of host immunity. CD25 is highly expressed 
on the surface of tumor‑infiltrating effector regulatory T cells 
(Tregs) (27). It was hypothesized that a bispecific fusion toxin 
containing both EGF and interleukin‑2 (bis‑EGF/IL2‑IT) 
would achieve a dual advantage for treatment of EGFR+ 
HNSCC via both EGF‑based targeted therapy and IL2‑based 
immunotherapy (via Treg depletion). In addition, IL‑2 
(Aldesleukin, PROLEUKIN®) was the first FDA‑approved 
cancer immunotherapy to stimulate immune system for meta‑
static renal cell carcinoma in 1992 and melanoma in 1998 and 
was approved as a combination treatment for neuroblastoma 
in 2015  (28). Based on the aforementioned information, a 
bis‑EGF/IL2‑IT was generated and it was compared with other 
two EGF fusion toxins, i.e., mono‑EGF‑IT and bi‑EGF‑IT in 
immunocompetent mice in the presence of host immunity.

Materials and methods

DNA construct for the bispecific human EGF/IL2 fusion 
toxin. Codon‑optimized human IL2 DNA was synthesized by 
GenScript with a BamHI site at the N‑terminus and an EcoRI 
site at the C‑terminus. This DNA replaced the second human 
EGF in the bivalent human EGF fusion toxin DNA construct 
(bi‑EGF‑IT) between the BamHI and EcoRI sites, yielding 
the bispecific human EGF‑IL2 fusion toxin DNA construct 
(bis‑EGF/IL2‑IT). The human EGF domain and human IL2 
were linked by three tandem G4S linkers (G4S)3. A tag of 6 
histidines (6 x His tag) was added to the C terminus to facili‑
tate protein purification (Fig. 1).

Expression of the bispecific human EGF/IL2 fusion toxin. The 
human EGF/IL2‑IT DNA construct was linearized and trans‑
formed into the DT‑resistant Pichia pastoris yeast strain (29) 
using the Gene Pulser Xcell Electroporation System (Bio‑Rad 
Laboratories, Inc.). The transformed cells were spread onto 
YPD agar plates (1% yeast extract, 2% peptone, 1.5% agar 
and 2% dextrose) containing 100 µg/ml zeocin and incubated 
at 30˚C for 3‑4 days. A total of 6 colonies were randomly 
picked and cultured in 5 ml YPD medium at 30˚C for 24 h 
with shaking at 250 rpm and then in YPG medium (1% yeast 
extract, 2% peptone, 1% glycerol) for another 24  h. The 
induction of EGF/IL2‑IT was carried out in 2 ml BMMYC 
medium (1% yeast extract, 2% peptone, 100 mM potassium 
phosphate, pH 7.0, 1.34% yeast nitrogen base without amino 
acids, 4x10‑5% biotin, 0.5% methanol, and 1% casamino 
acids) for 48 h at 25˚C with shaking at 225 rpm. Methanol 
(0.5%) was added twice daily to maintain the methanol level. 
Antifoam (Emerald Performance Materials LLC) was added 
to all growth and induction media at a concentration of 0.02%. 

Phenylmethylsulfonyl fluoride (PMSF, 1 mM; MilliporeSigma) 
was added to inhibit protein degradation during the induction 
phase. Penicillin (100 U/ml) and streptomycin (100 µg/ml) 
were added to all growth and induction media to inhibit bacte‑
rial contamination. The culture supernatants were analyzed 
using 4‑12% SDS‑PAGE gels. One human bis‑EGF/IL2‑IT 
clone was selected for large‑scale expression. The Excella E24 
incubator shaker (Eppendorf) was used for large‑scale expres‑
sion. The seed culture was prepared by inoculating a single 
colony into YPD medium and then incubating at 25˚C over‑
night with shaking at 225 rpm. Next, 5% of the seed culture 
was transferred to 1‑L PYREX shake flasks containing 250 ml 
YPD medium and cultured at 30˚C and 250 rpm for 24 h. The 
cells were centrifuged at 491 x g for 5 min, and the cell pellet 
was resuspended in 250 ml YPG medium and cultured at 30˚C 
for 24 h with shaking at 250 rpm. For the induction phase, the 
cells were centrifuged at 491 x g for 5 min, and the cell pellet 
was resuspended in 125 ml BMMYC induction medium and 
induced at 25˚C for 48 h with shaking at 225 rpm. Methanol 
(0.5%) was added twice daily to maintain the methanol level. 
After the induction, the yeast cells were pelleted by centrifu‑
gation at 1,692 x g for 10 min at 4˚C. The supernatant was 
used for first‑step protein purification. Antifoam, PMSF, and 
penicillin/streptomycin were added to the expression medium, 
as described for the small‑scale preparation.

Purification of the bispecific human EGF/IL2 fusion toxin. 
First‑step purification of bis‑EGF/IL2‑IT was carried out 
using Ni‑Sepharose™ 6 fast flow resin. The resin was packed 
in an XK50 column (Cytiva), equilibrated with 20  mM 
Tris‑HCl (pH 7.4), 0.5 M NaCl, and 5 mM imidazole. The 
sample was loaded onto the equilibrated column in the same 
buffer. The column was washed with this buffer, and then the 
bound proteins were eluted with 20 mM Tris‑HCl pH 7.4, 
0.5 M NaCl and 500 mM imidazole. The purification fractions 
were analyzed using 4‑12% SDS‑PAGE gels. The fractions 
containing bis‑EGF/IL2‑IT were pooled and dialyzed against 
20  mM Tris‑HCl pH  8.0, 1  mM EDTA, and 5% glycerol 
using Spectra/Por membrane tubing with a 3.5 kDa cut‑off 
(Repligen) at 4˚C with stirring. The dialysis buffer was replaced 
once. Strong anion exchange resin Poros 50 HQ (Applied 
Biosystems; Thermo Fisher Scientific, Inc.) was packed in an 
XK16/20 column (Cytiva) for second‑step purification. The 

Figure 1. Schematic diagrams of the 3 EGF fusion toxins. Mono‑EGF‑IT, 
monovalent human EGF fusion toxin; bi‑EGF‑IT, bivalent human EGF 
fusion toxin; bis‑EGF/IL2‑IT, bispecific human EGF/IL2 fusion toxin; DT, 
diphtheria toxin; hEGF, human epidermal growth factor; hIL2, human inter‑
leukin‑2; G4S, four glycine residues and one serine residue; His, histidine; N, 
N‑terminal; C, C‑terminal. 
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column was equilibrated with 20 mM Tris‑HCl pH 8.0, 1 mM 
EDTA, and 5% glycerol. The dialyzed sample was loaded 
onto the column and washed with the same buffer. The bound 
protein was eluted with 100‑ and 200‑mM sodium borate, then 
200 mM sodium borate plus 50 mM NaCl (250 mM total salt) 
in 20 mM Tris‑HCl pH 8.0, 1 mM EDTA, and 5% glycerol. 
The purified fractions were analyzed using 4‑12% SDS‑PAGE 
gels. The fractions containing the human bis‑EGF/IL2‑IT 
were pooled and dialyzed using Spectra/Por membrane tubing 
(3.5 kDa cut‑off) against PBS plus 5% glycerol at 4˚C with 
stirring. The dialysis buffer was replaced once. The protein 
concentration was measured using the Pierce BCA Protein 
Assay Kit (Thermo Fisher Scientific, Inc.). Mono‑EGF‑IT, 
bi‑EGF‑IT, DT390 (truncated DT), and anti‑murine PD‑1 IT 
(mPD1‑IT) were also expressed and purified using the same 
DT‑resistant yeast Pichia pastoris expression system (26).

Biotin‑labeling of the three EGF fusion toxins. The 3 EGF 
fusion toxins (mono‑EGF‑IT, bi‑EGF‑IT, and bis‑EGF/IL2‑IT) 
were labeled with EZ‑Link Sulfo‑NHS Biotin (Thermo Fisher 
Scientific, Inc.). NHS‑Biotin (1 mg) was added to 1 mg of each 
of the 3 EGF fusion toxins, and the mixtures were incubated 
for 2 h at 4˚C with shaking. The samples were transferred to 
a Slide‑A‑Lyzer dialysis cassette (10 kDa MWCO, 0.5‑3 ml, 
Thermo Fisher Scientific, Inc.) and dialyzed against 1X PBS 
for 24 h at 4˚C with stirring. The dialysis buffer was replaced 
once.

Cells, western blotting, and antibodies. The murine 
EGFR+ HNSCC tumor cell line MOC2, established from a 
carcinogen‑induced oral SCC in a C57BL/6 mouse (30), was 
purchased from Kerafast, Inc. The cell line was authenticated by 
STR (short tandem repeat) and was free of pathogens. Purified 
fusion toxins were analyzed using 4‑12% SDS‑PAGE gels. 
The gels were stained with Gel Code Blue Staining Reagent 
(Thermo Fisher Scientific, Inc.) and mounted with DryEase 
Mini Cellophane (Thermo Fisher Scientific, Inc.). Western 
blot analysis was performed as previously described  (31). 
Briefly, proteins (~1 µg in 15 µl per sample) were separated 
on 4‑12% SDS‑PAGE gels and transferred onto nitrocellulose 
membranes (Thermo Fisher Scientific, Inc.). The membranes 
were blocked with 5% blotting grade blocker non‑fat dry milk 
(Bio‑Rad Laboratories, Inc.) in 1X PBS, 0.02% Tween 20 
for 1 h with shaking and washed once with 1X PBS, pH 7.4, 
0.2% Tween 20 at room temperature with shaking. The three 
EGF fusion toxins were detected using mouse anti‑DT, mouse 
anti‑human EGF, or mouse anti‑human IL2 primary anti‑
bodies (1:1,000) and rat anti‑mouse IgG‑HRP as the secondary 
antibody (1:4,000). The proteins were detected using the 
TMB (Tetramethylbenzidine) membrane peroxidase substrate 
(SeraCare; LGC Clinical diagnostics). The antibodies used in 
the present study are listed in Table SI.

The binding affinities of the three human EGF fusion toxins 
to murine EGFR+ HNSCC MOC2 cells. MOC2 cells were 
stained at 4˚C for 30 min with biotinylated mono‑EGF‑IT, 
bi‑EGF‑IT, or bis‑EGF/IL2‑IT at a range of concentrations 
(0.01 to 200 nM). The biotinylated anti‑human EGFR mAb 
(Santa Cruz Biotechnology, Inc.) was used as a positive control 
at a final concentration of 36 nM. Negative control cells were 

stained at 4˚C for 30 min only with streptavidin‑PE (SA‑PE) at 
a final concentration of 1.5 ng/µl. Flow cytometry was carried 
out using a CytoFLEX Flow cytometer (Beckman Coulter, 
Inc.), and data were analyzed using FlowJo software v10 
(FlowJo LLC). Biotinylated mPD1‑IT was used as a biotinyl‑
ated protein control.

KD determination. Binding of mono‑EGF‑IT, bi‑EGF‑IT or 
bis‑EGF/IL2‑IT to murine EGFR+ HNSCC MOC2 cells was 
performed using a wide range of concentrations of biotinylated 
mono‑EGF‑IT, bi‑EGF‑IT, or bis‑EGF/IL2‑IT. The KDs were 
determined from the flow cytometric data using nonlinear 
regression with the saturation binding equation (GraphPad 
Prism 9.0.0). The mean fluorescence intensities (MFI) were 
plotted vs. the biotinylated mono‑EGF‑IT, bi‑EGF‑IT, or 
bis‑EGF/IL2‑IT concentration. Nonlinear regression was 
based on the equation Y=Bmax x X/(KD + X), where Y=MFI 
at a given biotinylated EGF fusion toxin concentration after 
subtracting the background, X=biotinylated EGF fusion toxin 
concentration, and Bmax=the maximum specific binding in 
the same units as Y.

In vitro efficacy. The effect of mono‑EGF‑IT, bi‑EGF‑IT, and 
bis‑EGF/IL2‑IT on the viability of murine EGFR+ HNSCC 
MOC2 cells was determined using the CellTiter‑Glo® 
Luminescent Cell Viability Assay kit (Promega Corporation), 
as previously described (32). This assay measures the lumi‑
nescence produced by ATP production from metabolically 
active cells. Increasing concentrations of the mono‑EGF‑IT, 
bi‑EGF‑IT and bis‑EGF/IL2‑IT cause cell death and a 
corresponding reduction in ATP‑related f luorescence. 
Luminescence was measured using a BioTek Synergy LX 
Multi‑Mode Reader. DT390 was included as negative control.

In vivo efficacy. C57BL/6 mice were purchased from Jackson 
Laboratories (Bar Harbor, USA). The animal experiments 
were approved (approval no.  00866) by the Institutional 
Animal Care and Use Committee (IACUC) of the University 
of Colorado Anschutz Medical Campus (Aurora, USA). The 
housing temperature was 22˚C and the housing atmosphere 
was set at 35% humidity. The light/dark cycle was 14‑10 h, 
respectively, (6 am to 8 pm on) and the lighting is at 50% 
strength unless over‑ridden for 15 min durations. Standard feed 
provided was Envigo Teklad Global Diets 2920X (19% protein, 
6% Fat). Water was freely accessed via water bottle or water 
valve in the cage. C57BL/6 mice (6‑8 weeks old, 20‑25 g) 
were divided into five treatment groups: i) DT390, negative 
control; ii) mono‑EGF‑IT; iii) bi‑EGF‑IT; iv) bis‑EGF/IL2‑IT 
and v)  erlotinib, positive control at a previously reported 
dose (33,34). In total, 209 mice (105 males and 104 females) 
were used for the present study.

A total of 3 complementary syngeneic HNSCC tumor 
models were used to evaluate in vivo efficacy in immunocom‑
petent C57BL/6 mice, including subcutaneous (SC) tumors, 
orthotopic tongue SCC, and experimental metastasis models. 
For the SC tumor model, murine EGFR+ HNSCC MOC2 
cells (8x106 in 200 µl DMEM) were injected SC into the right 
flank. For the orthotopic tongue SCC model, C57BL/6 mice 
were anesthetized with isoflurane, and the MOC2 cells (1x106 
cells in 50 µl DMEM) were injected into the tongue. For the 
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experimental metastasis model, MOC2 cells (1x106 cells in 
200 µl DMEM) were injected intravenously via the tail vein. 
For all 3 models, the tumor‑bearing mice were randomly 
divided with equal sex distribution into the five treatment 
groups on day 3 post‑inoculation.

Treatment commenced for the SC tumors and orthotopic 
tongue SCC on day 4 post‑tumor cell inoculation of the MOC2 
tumor cells and on day 10 for the experimental metastasis 
model. Mono‑EGF‑IT, bi‑EGF‑IT, bis‑EGF/IL2‑IT, or DT390 
(50 µg/kg) were administered by intraperitoneal injection. 
Erlotinib (20  mg/kg) was administered via intragastric 
gavage. All treatments were administered once daily for 10 
consecutive days. The tumors were measured using digital 
Vernier calipers every 3 days, as previously described (26,35). 
The tumor volume was calculated according to the formula: 
Volume (mm3)=[lengthx(widthx2)]/2. Quantification of 
lung metastases was performed by counting the number of 
metastases regardless of tumor size and by determining the 
percentage of tumor burden in 3 independent microscopic 
fields at x5 magnification.

The specific criteria (i.e., humane endpoints) used in the 
present study to determine when animals should be euthanized 
were: i) Tumor size reaching 2 cm in any diameter, ii) Body 
weight loss being over 15% compared with the littermate 
controls at any time point, iii) Mice reaching to moribund 
state or having difficulty to eat soft food or drink water, 
iv) Ulcerated tumors and v) Self‑mutilation, hypothermia, or 
difficulty of breath. The maximal duration of the experiments 
for the present study was 3 months. The animal health and 
behavior were monitored once daily, and twice daily in the 
late stage of the experiments. Soft food such as moist chow 
was provided for animals in poor health condition. If their 
condition deteriorated further, the animals were euthanized. 
Mice were anesthetized with inhalation of 5% isoflurane when 
injection of the tumor cells to the tongues or oral gavage of 

Erlotinib. The method of euthanasia used was CO2 inhalation 
plus approved secondary method such as cervical dislocation 
and bilateral thoracotomy. After the second euthanasia method, 
cessation of breath and heartbeat was verified as mouse death.

Statistical analysis. IC50s were determined using nonlinear 
regression (GraphPad Prism 9.0.0; GraphPad Software, Inc.). 
The P‑values for the survival curves were calculated using 
the Mantel‑Cox log-rank test (GraphPad Prism 9.0.0). The 
P‑values for other comparisons were calculated using the 
unpaired two‑tailed Student's t‑test (GraphPad Prism 9.0.0). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Generation of the bispecific human EGF/IL2 fusion toxin. 
Monovalent (mono‑EGF‑IT) and bivalent (bi‑EGF‑IT) human 
EGF fusion toxins were previously generated using a unique 
DT‑resistant yeast Pichia pastoris expression system (26). In 
the current study, the second human EGF was replaced by the 
codon‑optimized human IL‑2 DNA in the bi‑EGF‑IT DNA 
construct to produce the bispecific human EGF/IL2 fusion 
toxin (bis‑EGF/IL2‑IT) DNA construct (26). Bis‑EGF/IL2‑IT 
was produced using the Pichia pastoris expression system (26). 
The final purification yield of the bis‑EGF/IL2‑IT was ~10 mg 
per liter of harvested supernatant. Purified bis‑EGF/IL2‑IT was 
analyzed using SDS‑PAGE and western blotting with mono‑
clonal antibodies (mAb) against DT, human EGF, and human 
IL2. The expected molecular weight of 66.5 kDa was detected 
for bis‑EGF/IL2‑IT (Lane 4, Fig.  2A‑D). Mono‑EGF‑IT 
(50.1 kDa) and bi‑EGF‑IT (57.2 kDa) were detected in lanes 2 
and 3 when using either anti‑DT or anti‑human EGF mAbs 
(Fig. 2A‑C) but not when using the anti‑human IL2 mAb 
(Fig. 2D).

Figure 2. SDS‑PAGE and western blot analysis for the three EGF fusion toxins. (A) SDS‑PAGE analysis (4‑12% NuPAGE). (B) Western blot analysis using 
a mouse anti‑DT monoclonal antibody (mAb). (C) Western blot analysis using a mouse anti‑human EGF mAb. (D) Western blot analysis using a mouse 
anti‑human IL2 mAb. Lane 1: Protein marker; Lane 2: mono‑EGF‑IT (50.1 kDa); Lane 3: bi‑EGF‑IT (57.2 kDa); Lane 4: bis‑EGF/IL2‑IT (66.5 kDa). DT, 
diphtheria toxin. 
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In vitro binding affinities and efficacy of the three EGF fusion 
toxins against murine HNSCC cells. The binding affinities 
of the three EGF fusion toxins were evaluated in the murine 
HNSCC cell line MOC2, derived from a squamous cell 
carcinoma of the oral cavity in a murine oral carcinogenesis 
model (30). MOC2 cells express EGFR (EGFR+), which is 
shown by a shift in the flow cytometric parameters using a 
mAb against mouse EGFR (Fig. 3). It was revealed that bioti‑
nylated mono‑EGF‑IT, bi‑EGF‑IT, and bis‑EGF/IL2‑IT could 
bind to murine MOC2 cells in a dose‑dependent fashion, with 
a KD of 12.0 nM for mono‑EGF‑IT, 10.5 nM for bi‑EGF‑IT, 
and 5.2 nM for bis‑EGF/IL2‑IT (Fig. 3Α and Β). The amino 
acid sequence homology is 69.81% between human and murine 
EGF and 62.75% between human and murine IL2.

The in  vitro efficacy of the three EGF fusion toxins 
against the MOC2 cells was assessed using the CellTiter‑Glo® 
Luminescent Cell Viability Assay. All 3 EGF fusion toxins 
effectively reduced cell viability of murine EGFR+ HNSCC 
MOC2 cells with IC50s of 1.53x10‑10 M, 2.15x10‑10 M, and 
7.22x10‑10 M for mono‑EGF‑IT, bi‑EGF‑IT, and bis‑EGF/

IL2‑IT, respectively. The IC50 for the negative control DT390 
was 7.69x10‑7 M (Fig. 3C).

Efficacy of the three EGF fusion toxins against the syngeneic 
SC MOC2 tumor model. The in vivo efficacy of the three 
EGF fusion toxins was first evaluated using the syngeneic SC 
MOC2 tumor model. Beginning 4 days after tumor cell inocu‑
lation, mice were treated daily for 10 consecutive days with 
mono‑EGF‑IT, bi‑EGF‑IT, or bis‑EGF/IL2‑IT (50 µg/kg) by 
intraperitoneal injection or 20 mg/kg erlotinib by intragastric 
gavage. The tumor‑bearing mice were sacrificed on day 18, 
and all the tumors were collected. As demonstrated in Fig. 4, 
all 3 EGF fusion toxins and erlotinib significantly reduced 
tumor growth compared with the DT390 control group. 
Furthermore, bis‑EGF/IL2 significantly reduced the tumor 
volume compared with mono‑EGF‑IT (Fig. 4A and B).

Efficacy of the three EGF fusion toxins against the syngeneic 
orthotopic tongue SCC mouse model. To mimic the clinical 
manifestation of HNSCC, MOC2 tumor cells was injected into 

Figure 3. Binding affinity for the 3 EGF fusion toxins to murine EGFR‑positive head and neck squamous cell carcinoma MOC2 cells and their effect on cell 
viability. (Α) The binding affinities of mono‑EGF‑IT, bi‑EGF‑IT, and bis‑EGF/IL2‑IT to MOC2 cells were determined by flow cytometry. Negative controls 
included cells only, SA‑PE only, biotin PD1‑IT (biotinylated anti‑murine PD‑1 IT as control for background protein biotinylation), and an isotype control. 
Anti‑murine EGFR mAb was used as a positive control. The data are representative of three individual experiments. (B) KD determination for the binding of 
the three EGF fusion toxins to MOC2 cells. The mean fluorescence intensities from flow cytometry were plotted over a range of concentrations of biotinylated 
mono‑EGF‑IT, bi‑EGF‑IT, and bis‑EGF/IL2‑IT. The KDs were calculated based on the nonlinear regression fit. (C) The effect of the three EGF fusion toxins 
on MOC2 cell viability using the CellTiter‑Glo® Luminescent Cell Viability Assay (DT390, negative control, blue; mono‑EGF‑IT, red; bi‑EGF‑IT, green; 
bis‑EGF/IL2‑IT, orange). Y‑axis: inhibition rate of the cell viability by determining the number of viable cells based on quantifying the ATP present. X‑axis: 
concentrations of the three EGF fusion toxins. Cycloheximide (1.25 mg/ml) was used as a positive control. The negative control contained cells without fusion 
toxin. The data are from three individual experiments. The error bars indicate SD. IT, immunotoxin.
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the tongues of C57BL/6 mice. Beginning 4 days after tumor 
cell inoculation, the mice were treated with mono‑EGF‑IT, 
bi‑EGF‑IT, or bis‑EGF/IL2‑IT (50  µg/kg) by intraperito‑
neal injection or 20 mg/kg erlotinib by intragastric gavage 
daily for ten consecutive days. Compared with DT390 and 
mono‑EGF‑IT, bi‑EGF‑IT, bis‑EGF/IL2‑IT, and erlotinib 
significantly prolonged the median survival time from 13 days 
(DT390 and mono‑EGF‑IT) to 15 (bis‑EGF/IL2‑IT, and erlo‑
tinib) or 16.5 days (bi‑EGF‑IT) (Fig. 5A and Table I). To further 
characterize the effect of the three EGF fusion toxins on 
murine tongue SCC tumor incidence and volume, this experi‑
ment was repeated and mice were sacrificed 9 days after tumor 
cell injection. At this time point, the numbers of tongue SCC 
tumors occurring were significantly less (1/5) in the bi‑EGF‑IT, 
bis‑EGF/IL2‑IT and erlotinib groups than in the mono‑EGF‑IT 
(4/5) and DT390 control groups (5/5) (Fig. 5B). Similarly, the 
total tongue SCC volume in the bi‑EGF‑IT, bis‑EGF/IL2‑IT, 
and erlotinib groups were significantly smaller than those in the 
mono‑EGF‑IT or DT390 groups (Fig. 5C).

Efficacy of the three EGF fusion toxins against lung 
metastasis in a syngeneic mouse model. To evaluate the effect 
of the three EGF fusion toxins on lung metastasis, MOC2 
tumor cells were injected intravenously into C57BL/6 mice. 
Beginning 10 days post‑tumor cell injection, mice were treated 

with mono‑EGF‑IT, bi‑EGF‑IT, bis‑EGF/IL2‑IT, or DT390 
(50 µg/kg) by intraperitoneal injection or 20 mg/kg erlotinib by 
intragastric gavage daily for ten consecutive days. All 3 EGF 
fusion toxins and erlotinib significantly prolonged the median 
survival time from 19 days (DT390) to 29 (mono‑EGF‑IT), 
47.5 (bi‑EGF‑IT), 41 (bis‑EGF/IL2‑IT), or 38 (erlotinib) days 
(Fig. 6A and Table I). Moreover, bi‑EGF‑IT, bis‑EGF/IL2‑IT, 
and erlotinib were more potent than mono‑EGF‑IT, with 
bi‑EGF‑IT being the most efficacious (Fig. 6A).

To further assess the efficacy of the three EGF fusion 
toxins against metastasis, the metastasis study was repeated, 
and all mice were sacrificed 18 days after tumor cell inocula‑
tion. As revealed in Fig. 6B‑D, the numbers and sizes of the 
metastases (shown as the percentage of tumor burden) in the 
lungs of the mice treated with bi‑EGF‑IT, bis‑EGF/IL2‑IT, or 
erlotinib were significantly reduced compared with the DT390 
and mono‑EGF‑IT groups.

Comparison of mono‑EGF‑IT, bi‑EGF‑IT and bis‑EGF/IL2‑IT 
toxicity. Similar to the previous observation in NSG mice (26), 
C57BL/6 mice treated with mono‑EGF‑IT appeared generally 
unhealthy and lethargic compared with those treated with either 
bi‑EGF‑IT or bis‑EGF/IL2‑IT. The body weight of mono‑EGF‑IT 
group was declined compared with those in bi‑EGF‑IT and 
bis‑EGF/IL2‑IT groups although with no statistical significance 

Table I. Median survival days for syngeneic tongue squamous cell carcinoma and lung metastasis mouse models following 
treatment.

	 Median survival days
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Tumor model	 DT390	 Mono‑EGF‑IT	 Bi‑EGF‑IT	 Bis‑EGF/IL2‑IT	 Erlotinib

Orthotopic tongue model	 13	 13	 16.5	 15	 15
Lung metastasis model	 19	 29	 47.5	 41	 38

IT, immunotoxin.

Figure 4. Antitumor efficacy of the three EGF fusion toxins against a syngeneic SC tumor model. Murine EGFR+ head and neck squamous cell carcinoma 
MOC2 cells were injected SC into the right flank. Tumor‑bearing mice were treated with DT390 (negative control, n=16), mono‑EGF‑IT (n=11), bi‑EGF‑IT 
(n=16), bis‑EGF/IL2‑IT (n=15), or erlotinib (positive control, n=16) once daily for ten consecutive days beginning on day 4 after tumor cell injection. Mice 
were sacrificed on day 18 after tumor cell injection. (A) Images of the harvested tumors on day 18. (B) Quantification of tumor volume (mean ± SEM): DT390, 
460.8±29.82; mono‑EGF‑IT, 339.7±16.48; bi‑EGF‑IT, 311.7±23.01; bis‑EGF/IL2‑IT, 251.5±25.19; erlotinib, 346.5±24.81. *P<0.05, ***P<0.001 and ****P<0.0001. 
IT, immunotoxin. 
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Figure 5. Antitumor efficacy of the three EGF fusion toxins against a syngeneic orthotopic tongue SCC mouse model. (A) Kaplan‑Meier survival curves for 
mice with tongue SCC following treatment with the three EGF fusion toxins. EGFR+ HNSCC MOC2 cells were injected into the tongue of C57BL/6 mice 
on day 0. Tumor‑bearing mice were treated with DT390 (negative control, blue, n=10), mono‑EGF‑IT (red, n=10), bi‑EGF‑IT (green, n=10), bis‑EGF/IL2‑IT 
(orange, n=10), or erlotinib (positive control, purple, n=10) once daily for ten consecutive days starting on day 4 after tumor cell injection. The timeline and 
detailed schedules for tumor cell injection and treatments are shown under the survival curves. The vertical arrows indicate the days the tumor cells (red) or 
treatments (black) were administered. (B) Histological images of tongues with SCC following treatment with the three EGF fusion toxins. The tongue SCCs 
are circled with black dotted lines. The incidence of tongue SCC is shown in parentheses. Murine EGFR+ HNSCC MOC2 cells were injected into the tongues 
of a second cohort of C57BL/6 mice and treated with DT390, mono‑EGF‑IT, bi‑EGF‑IT, bis‑EGF/IL2‑IT, or erlotinib (n=5 for each group). The mice were 
euthanized, and the tongues were harvested on day 9 after tumor cell injection. (C) Quantification of total tumor volume for each treatment group. The 
incidence of tongue SCC is shown in parentheses. *P<0.05 and ***P<0.001. SCC, squamous cell carcinoma; HNSCC, head and neck squamous cell carcinoma; 
IT, immunotoxin. 
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Figure 6. In vivo efficacy of the 3 EGF fusion toxins against lung metastasis in a syngeneic mouse model. (A) Kaplan‑Meier survival curves for mice with lung 
metastasis following treatment with the three EGF fusion toxins. Murine EGFR+ HNSCC MOC2 cells were intravenously injected into C57BL/6 mice via the 
tail vein, and the mice were then treated with DT390 (blue, n=8), mono‑EGF‑IT (red, n=8), bi‑EGF‑IT (green, n=6), bis‑EGF/IL2‑IT (orange, n=6), or erlotinib 
(purple, n=6) once daily for 10 consecutive days starting on day 10 after tumor cell injection. The timeline and detailed schedules for tumor cell injection 
and treatments are shown under the survival curves. The vertical arrows indicate the days the tumor cells (red) or treatments (black) were administered. 
(B) Histological images of lung metastases following treatment with the 3 EGF fusion toxins or erlotinib. The lung metastases are circled with black dotted 
lines. The incidence of metastases is shown in parentheses. Murine EGFR+ HNSCC MOC2 cells were intravenously injected into C57BL/6 mice via the tail 
vein of a second cohort of C57BL/6 mice and treated with DT390 (n=5), mono‑EGF‑IT (n=5), bi‑EGF‑IT (n=5), bis‑EGF/IL2‑IT (n=6), or erlotinib (n=5). 
The mice were euthanized, and the lungs were harvested on day 18 after the tumor cell injection. Scale bar, 100 µm. (C) Quantification of the number of lung 
metastases per mouse. (D) Quantification of the percentage of lung metastatic tumor burden per microscopic field per mouse. A total of 3 microscopic fields 
at x5 magnification were used to calculate the percentage of tumor occupied in each microscopic field. ns=non‑significant; *P<0.05, **P<0.01 and ***P<0.001. 
HNSCC, head and neck squamous cell carcinoma; IT, immunotoxin. 
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(Fig.  S1A). Necropsy of mice treated with mono‑EGF‑IT 
revealed moderate amounts of hemorrhagic fluid throughout 
the abdominal cavity. The stomach and duodenum were mildly 
distended with ingesta, while the remainder of the intestines was 
relatively empty except for multifocal regions of dark ingesta. The 
liver was diffusely pale and enlarged. The kidneys were diffusely 
and bilaterally pale. By contrast, the kidneys, liver, heart, and 
gastrointestinal organs were macroscopically normal in mice 
treated with either bi‑EGF‑IT or bis‑EGF/IL2‑IT (Fig. S1B).

Discussion

In the present study, our previous work was extended evaluating 
the efficacy and toxicity of mono‑EGF‑IT and bi‑EGF‑IT (26) 
to immunocompetent HNSCC mouse models. In addition, a 
novel fusion toxin, bis‑EGF/IL2‑IT, was generated to allow 
targeting of the tumor and its immune microenvironment. 
The results showed that all 3 EGF‑IT exhibited a variety of 
efficacies in reducing tumor size (SC tumor), tumor incidence, 
tumor volume (orthotopic tongue model), lung metastasis, and 
prolonged survival in the syngeneic HNSCC mouse models 
with intact immune systems. Both bi‑EGF‑IT and bis‑EGF/
IL2‑IT improved efficacies and reduced toxicity compared with 
mono‑EGF‑IT in the 3 immunocompetent syngeneic HNSCC 
mouse models. Bis‑EGF‑IL2‑IT was superior in reducing 
tumor size compared with bi‑EGF‑IT, whereas the latter 
was superior to the former in prolonging survival days in the 
metastatic model. It was hypothesized that the immunotherapy 
function of bis‑EGF/IL2‑IT may be more effective in reducing 
tumor size, and the improved targeted therapy function of 
bi‑EGF‑IT may be more effective in inhibiting metastasis to 
prolong the survival in the metastatic model. Nonetheless, 
these data indicated that both bi‑EGF‑IT and bis‑EGF/IL2‑IT 
are more potent and less toxic than mono‑EGF‑IT.

The superiority of bi‑EGF‑IT over mono‑EGF‑IT is consis‑
tent with a previous study by the authors testing the efficacy 
and toxicity of these 2 fusion toxins in immunocompromised 
HNSCC mouse models (26). The improved binding affinity 
of the bivalent version may be one reason for this observed 
difference. Notably, the bis‑EGF/IL2‑IT performed nearly 
equivalent to bi‑EGF‑IT in efficacy and toxicity. Bis‑EGF/
IL2‑IT was developed to examine the hypothesis that targeting 
both tumor and immune microenvironment could improve 
the efficacy. Indeed, bis‑EGF/IL2‑IT was more efficacious 
than mono‑EGF‑IT. HNSCC, either HPV+ or HPV‑, is one of 
the cancer types with the highest infiltration of Tregs, which 
significantly contributes to immune suppression in the tumor 
microenvironment  (36). Targeting IL2 receptor boosts the 
antitumor immune response via Treg depletion, as reported for 
a study using the FDA‑approved Ontak® (human IL2 fusion 
toxin) (37) and shown in a previous study by the authors (38).

Initially, the murine EGF fusion toxins was planned to 
make for the studies in the syngeneic mouse tumor models. 
However, since the human EGF fusion toxins could bind to the 
murine EGFR+ MOC2 tumor cells, it was decided to directly 
assess the in vitro and in vivo efficacy of human EGF fusion 
toxins against murine EGFR+ HNSCC MOC2 tumor cells.

The limitation and future direction of the present study are 
as follows: i) Although the syngeneic HNSCC mouse model is 
immunocompetent, the cell line used is derived from murine 

experimental HNSCC model, which has the limitation of 
human relevance. A humanized HNSCC mouse model, which 
allows assessing human HNSCC cell lines or cell lines from 
patient‑derived xenograft in the immunocompetent environ‑
ment, will be ideal to address both human relevance and 
immunocompetent microenvironment; ii) Although bis‑EGF/
IL2‑IT demonstrated the best in vivo efficacy, the in vitro 
efficacy was not as well as expected. It was hypothesized 
that, except for the EGF‑based targeted therapy function, 
IL2 domain of bis‑EGF/IL2‑IT may also stimulate immune 
response and deplete tumor‑infiltrating effector Tregs in vivo. 
However, the in  vitro efficacy assay may only detect the 
targeted therapy function, not the immunotherapy function of 
bis‑EGF/IL2‑IT; iii) The effect of bis‑EGF/IL2‑IT on tumor 
microenvironment is hypothetical. A comprehensive charac‑
terization of tumor microenvironment will mechanistically 
support the hypothesis and is warranted; iv) There was only 
one murine OSCC cell line available for use in the present 
study. Although expressed, the EGFR levels in the MOC2 cell 
line may not be high enough to observe an improved response 
to the treatment efficacy of the human EGF fusion toxins. More 
syngeneic murine HNSCC models with a variety of EGFR 
expression levels may provide more information on EGFR 
expression in response to treating human EGF fusion toxins 
in HNSCC mouse models in the presence of host immunity; 
v) Given the superiority of bi‑EGF‑IT and bis‑EGF/IL2‑IT 
over mono‑EGF‑IT, a combination of bivalent and bispecific 
approaches should enhance both binding and the anticancer 
immune response and may further improve the performance 
of EGF‑IT in the treatment of HNSCC.

In summary, a novel bis‑EGF/IL2‑IT was generated 
and its efficacy and toxicity were examined, together with 
mono‑EGF‑IT and bi‑EGF‑IT, in the treatment of syngeneic 
HNSCC mouse models with intact immune systems. Both 
bis‑EGF/IL2‑IT and bi‑EGF‑IT were more effective and 
less toxic than mono‑EGF‑IT, suggesting that targeting the 
immune microenvironment or enhancing binding affinity to 
EGF will improve the performance of EGF‑IT in the treatment 
of HNSCC mouse models.
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