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Abstract

Site-specific conjugation technologies enable the production of homogeneous antibody-drug 

conjugates (ADCs) with improved therapeutic indices compared to conventional ADCs. However, 

current site-specific conjugation methods can only attach one type of drug to a single antibody. 

Given the emergence of acquired resistance to current ADCs, arming single antibodies with 

different drugs may provide an attractive option in the development of next-generation ADCs. 

Here, we describe a site-specific dual conjugation strategy as a platform for dual warhead ADCs.
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INTRODUCTION

Antibody-drug conjugates (ADCs) are powerful “smart bombs” which deliver highly potent 

cytotoxic drugs directly to targeted tumor tissues while avoiding other healthy tissues 1–3. 

An ADC is comprised of three components: a monoclonal antibody, a cytotoxic drug, and a 

linker that connects antibody and drug. All three components play critical roles in the 

generation of clinically successful ADCs 3, 4. Additionally, conjugation strategies which 

determine the stoichiometry, drug loading, and placement of conjugation sites can greatly 

influence therapeutic indices and outcomes 5, 6.

Conventional lysine or inter-chain cysteine (Cys) conjugation methods generate 

heterogeneous products, which have variable pharmacokinetics, pharmacodynamics, affinity, 

and toxicity profiles 6–8. In addition, maintaining batch-to-batch consistency is a challenge 

to regulation and manufacturing of ADCs. To overcome these limitations, a number of site-

specific conjugation methods have been developed to achieve homogeneous ADCs 9, 10. 

Among these methods, the THIOMAB technology introduces Cys residues at certain 

positions in the heavy or light chains of antibodies. Drugs were specifically conjugated to 

the engineered Cys without disruption of the structural disulfide bonds 11. THIOMAB-drug 

conjugates displayed equivalent efficacy and greater safety than conventional ADCs and 

therefore have an improved therapeutic index 11–13. We previously reported site-specific 

antibody conjugation through an engineered selenocysteine (Sec) residue 14, 15. Sec, the 21st 

natural amino acid 16, is structurally identical to Cys except for containing a selenium atom 

in place of the sulfur atom. The selenolate group has a pKa of 5.2 and is a more reactive 

nucleophile than its thiolate counterpart (pKa 8.3). The different chemical reactivities of Sec 

and Cys prompted us to investigate a combination of THIOMAB and SELENOMAB 

technology for site-specific dual conjugation of antibodies (THIO-SELENOMABs).

Most treated patients develop acquired drug resistance to trastuzumab emtansine 17, an 

FDA-approved ADC for the treatment of patients with HER2-positive metastatic breast 

cancer. While the exact mechanisms of resistance are still under investigation, recent studies 
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reveal that ADC-resistant tumor cells retain sensitivity to other ADCs and standard-of-care 

chemotherapy 18, 19. Therefore, arming a monoclonal antibody with multiple drugs that have 

different mechanisms of action is a promising approach for improving the potency of ADCs 

and preventing drug resistance. The THIO-SELENOMAB dual labeling technology we 

present here provides a method for site-specific conjugation of two different drugs to the 

same antibody, affording an antibody engineering platform for next-generation ADCs.

RESULTS AND DISCUSSION

To make a dual labeled antibody, we introduced Sec at the C-terminus of trastuzumab scFv-

FcS396C THIOMAB. The resulting antibody is scFv-FcS396C-Sec (THIO-SELENOMAB). 

To evaluate the specificity of dual conjugation, trastuzumab scFv-FcS396C THIOMAB, 

scFv-Fc-Sec SELENOMAB, and scFv-Fc were included as control antibodies (Figure 1A). 

THIO-SELENOMAB was expected to site-specifically conjugate to compounds containing 

two different moieties under optimized conjugation conditions, while control antibodies 

THIOMAB and SELENOMAB should conjugate to only one of two compounds, and 

trastuzumab scFv-Fc should conjugate to neither one (Figure 1A). To analyze the 

effectiveness of dual conjugation, compounds containing two different detectable reporter 

groups, biotin and fluorescein, were used for labeling. We previously reported that a 

methylsulfone phenyloxadiazole (ODA) linker site-specifically labeled engineered Cys and 

Sec residues in THIOMAB and SELENOMAB 20. Sulfone conjugates showed improved 

human plasma stability relative to maleimide conjugates, especially at sites with high 

predicted fractional solvent accessibility such as FcS396C 20. Therefore, methylsulfone-

ODA-fluorescein was used as one of the labeling compounds in the current study (Figure 

1B). Based on our previous studies that revealed that iodoacetamide derivatives can be 

specifically and efficiently conjugated to Sec residues in SELENOMAB 14, 21, biotin-

ethylenediamine-iodoacetamide was used as the other labeling compound (Figure 1B).

We previously demonstrated that engineered Fc-Sec, IgG-Sec, Fab-Sec, and scFv-Fc-Sec 

display unique chemical reactivity, allowing selective conjugation at the Sec interface under 

mildly acidic and reducing conditions 14, 15, 21. Here, using these conjugation conditions, we 

first labeled the antibodies at the Sec residue with biotin-ethylenediamine-iodoacetamide at 

pH 5.2 in the presence of 0.1 mM dithiothreitol (DTT). Next, we simultaneously removed 

excess DTT and unreacted biotin-ethylenediamine-iodoacetamide while changing the 

conjugation conditions to make them suitable for THIOMAB labeling with methylsulfone-

ODA-fluorescein at the engineered Cys residues (FcS396C) (Figure 2A).

During expression, the engineered Cys residues in THIOMAB are usually capped with a 

cysteine, a glutathione, or a homocysteine through a disulfide bond 11, 22. This may also 

apply to engineered Sec residues in SELENOMAB. Therefore, THIOMAB labeling requires 

reducing the antibody first to remove the attached cap. However, unlike SELENOMAB 

conjugation, the reducing reagent must be removed before adding electrophilic compounds 

to label the THIOMAB 11. Our dual labeling strategy removes reducing agent and the first 

unconjugated compound simultaneously. In contrast to the reported THIOMAB labeling 

procedure 11, no additional step is required. Moreover, in the first step of our conjugation 

sequence, other electrophilic groups including those with poor reactivity for Cys residues 
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can also be used due to the fact that selenolates are 100–1000 fold more nucleophilic than 

thiolates 20, 23, 24.

The reporter groups we employed facilitated an analysis of the specificity for dual 

conjugation. Only antibody conjugates containing Sec were detectable by Western blotting 

using horse radish peroxidase (HRP)-conjugated ExtrAvidin, indicating that biotin was site-

specifically conjugated at the Sec residues (Figure 2B upper panel). Furthermore, analyzing 

the fluorescence of antibody conjugates following SDS-PAGE, we confirmed that only 

THIOMAB and THIO-SELENOMAB were labeled in the second step (Figure 2B lower 

panel).

Both THIOMAB and SELENOMAB maintained antigen recognition activity and high 

affinity after conjugation in our previous studies 20, 21. We next evaluated the antigen 

binding activity of dual labeled THIO-SELENOMAB on HER2-positive SK-BR-3 and 

HER2-negative MDA-MB-468 cells by flow cytometry using APC-conjugated streptavidin. 

SK-BR-3 cells stained with dual labeled THIO-SELENOMAB were detected in both APC 

and fluorescein channels, confirming the presence of both biotin and fluorescein. Dual 

labeled THIO-SELENOMAB bound to SK-BR-3 cells with an avidity similar to single 

labeled THIOMAB and SELENOMAB (Figure 3A). As expected, MDA-MB-468 cells 

stained with each antibody or antibody conjugate were not detected by either color (Figure 

3B). We used surface plasmon resonance to confirm that dual labeled THIO-SELENOMAB 

and unmodified parental antibody bind HER2 with comparable avidities (Figure S1 and 

Table S1).

To investigate whether dual conjugation influences internalization, which is a critical 

parameter of payload delivery, we used flow cytometry and confocal immunofluorescence 

microscopy. Compared to unmodified parental antibody, the internalization rate of dual 

labeled THIO-SELENOMAB was slightly increased (Figure 4A). Internalized dual labeled 

THIO-SELENOMAB was detectable in HER2-positive SK-BR-3 cells but not in HER2-

negative MDA-MB-468 cells (Figure 4B).

The stability of an ADC in circulation greatly influences its safety and efficacy 25. We 

previously reported a significant improvement of the plasma stability of THIOMAB sulfone 

conjugates relative to maleimide conjugates 20. Demonstrating the robustness of both 

methylsulfone ODA conjugation to Cys and iodoacetamide conjugation to Sec, the dual 

labeled THIO-SELENOMAB revealed excellent stability in human plasma without 

significant decay after three days (Figures 5A and 5B).

To further characterize the conjugated antibody by MALDI-TOF mass spectrometry, we 

synthesized a biotin iodoacetamide derivative with a long PEG linker (Figure S2). This 

compound has a molecular weight of 1,645 Da and was used to increase the accuracy of 

mass analysis compared to biotin-ethylenediamine-iodoacetamide (454 Da). Because of the 

cellular production and secretion process, as discussed above, the unpaired Cys and Sec 

residues in our engineered antibodies may be capped by cysteine, glutathione, or 

homocysteine 11, 22. The mass spectrometry analysis of unconjugated THIO-SELENOMAB 

indicated that this antibody is capped with one cysteine at each engineered Cys and Sec 
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residue, given that the observed mass is 372 Da larger than its calculated value, which is 

close to the mass of the antibody attached to three cysteines (Figure S3A). After conjugation 

to biotin-PEG-iodoacetamide, the antibody gained the molecular weight of one biotin-PEG 

(Figure S3B). As expected, one molecule of biotin-PEG conjugated antibody added two 

molecules of ODA-fluorescein in the second step of our conjugation sequence (Figure S3C). 

Notably, both fluorescence analysis after SDS-PAGE and MALDI-TOF suggested that the 

elongated biotin-PEG-iodoacetamide compound (unlike biotin-ethylenediamine-

iodoacetamide) conjugated in the first step sterically blocked the conjugation of 

methylsulfone-ODA-fluorescein in the second step (data not shown). Accordingly, when 

attaching cytotoxic drugs to THIO-SELENOMABs, careful consideration should be given to 

the linker and to the spacing of Cys and Sec residues.

CONCLUSIONS

Utilizing the unique chemical reactivity of selenocysteine relative to cysteine, we developed 

a site-specific THIO-SELENOMAB dual labeling technology. Proof-of-concept experiments 

demonstrated that scFv-FcS396C-Sec THIO-SELENOMAB was site-specifically labeled in 

two steps without compromising avidity and internalization. Furthermore, the dual labeled 

antibody revealed excellent stability in human plasma. Collectively, our technology provides 

a robust strategy for the attachment of two different drugs to the same antibody, which 

broadens the scope of ADC technologies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) HER2-targeting monoclonal antibody trastuzumab in scFv-Fc format was engineered 

with or without selenocysteine (Sec) or cysteine (Cys) resulting in four different constructs, 

scFv-Fc, scFv-Fc-Sec, scFv-FcS396C, and scFv-FcS396C-Sec. Engineered Sec and Cys 

enabled site-specific modification of the antibody with dual modalities. (B) Structures of 

methylsulfone-ODA-fluorescein and biotin-ethylenediamine-iodoacetamide.
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Figure 2. 
(A) Reaction scheme for sequential modification of scFv-FcS396C-Sec with dual 

modalities. Either iodoacetamide or methylsulfone ODA derivatives of biotin can be used in 

the first reaction. Mass spectrometry analysis revealed that the engineered free Cys and Sec 

residues in scFv-FcS396C-Sec are shielded prior to addition of DTT. Note that excess DTT 

and unreacted biotin derivatives are simultaneously removed in an intermediate purification 

step prior to the second reaction. (B) Western blot and SDS-PAGE analysis of biotin and 

fluorescein labeled antibody conjugates. All four antibodies were subjected to the 

conjugation conditions shown in (A). Biotin-ethylenediamine-iodoacetamide was used in the 

first step and During cell culture, the engineered Cys residues in THIOMAB are usually 

capped with a methylsulfone-ODA-fluorescein in the second step. HRP-conjugated 

ExtrAvidin and donkey anti-human IgG Fcγ pAbs were employed to detect biotin labeling 

(top two lanes). Fluorescent and Coomassie-stained gels were used to detect fluorescein 

labeling (bottom two lanes).
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Figure 3. 
Flow cytometry analyses of the staining for HER2-positive SK-BR-3 cells (A) and HER2-

negative MDA-MB-468 cells (B) with antibody conjugates and controls.
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Figure 4. 
Internalization of dual labeled THIO-SELENOMAB. (A) HER2-positive SK-BR-3 cells 

were incubated with 20 ng/ml of unlabeled scFv-Fc or dual labeled scFv-FcS396C-Sec/

biotin/ODA-fluorescein at 37°C at the indicated time points. The mean fluorescence 

intensity (MFI) of the cells was measured by flow cytometry using an APC-conjugated goat 

anti-human Fcγ antibody. (B) SK-BR-3 and MDA-MB-468 cells were incubated with 2 

μg/ml dual labeled scFv-FcS396C-Sec/biotin/ODA-fluorescein at 37 °C for 4 h. Internalized 

antibody was detected by Cy3-conjugated goat anti-human Fcγ antibody. Cell nuclei were 

stained with Hoechst 33342. DIC represents the image from differential interference 

contrast.
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Figure 5. 
Stability of dual labeled THIO-SELENOMAB in human plasma. (A) Western blot and SDS-

PAGE analysis of scFv-FcS396C-Sec/biotin/ODA-fluorescein in human plasma at 37°C at 

the indicated time points. HRP-conjugated ExtrAvidin and a mouse anti-His mAb were 

employed to detect the stability of biotin labeling (top two lanes). Fluorescent and 

Coomassie-stained gels were used to detect the stability of fluorescein labeling (bottom two 

lanes). (B) Quantitative analysis of the band intensity in (A) using Image J software.
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