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Abstract: A summary of the key technological advancements in the preparation of antibody–oligo-
nucleotide conjugates (AOCs) and the distinct advantages and disadvantages of AOCs as novel 
therapeutics are presented. The merits and demerits of the different approaches to conjugating 
oligonucleotides to antibodies, antibody fragments or other proteins, mainly from the perspective 
of AOC purification and analytical characterizations, are assessed. The lessons learned from in vitro 
and in vivo studies, especially the findings related to silencing, trafficking, and cytotoxicity of the 
conjugates, are also summarized. 
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1. Introduction 
Antibody-drug conjugates (ADCs) have evolved to be an important new arsenal in 

the treatment of various cancers due to their preferential delivery of chemotherapeutics 
to cancer cells [1]. This approach has allowed an improvement of the therapeutic index of 
many antibodies. It has similarly aided the utilization of many small molecules that are 
potent and efficacious but possess properties that preclude them from being developed 
into a chemotherapeutic. For example, well-known potent payloads such as cali-
cheamycins, auristatins and maytansinoids were found to be too toxic to be used as 
standalone single-agent chemotherapeutics but were found to have favorable clinical ben-
efits in liquid (cancers of the blood such as leukemias, lymphomas and myelomas) and 
solid tumors when conjugated to antibodies [2,3]. Antibodies have proven to be ideal de-
livery agents, in general, due to their high specificity, long half-life and low immunogen-
icity [2]. The field of ADCs has evolved rapidly in the last decade, resulting in a better 
understanding of the role of target selection, release mechanism, payload potency and the 
role of each component in the overall activity profile. As more clinical data have become 
available, dosing levels and toxicity management of ADCs are better understood, leading 
to an increase in clinical success [3]. 

Although selectivity in an ADC is achieved through the antibody, non-specific tox-
icity is still observed. If more precise payloads could be used, the synergistic combination 
could potentially result in a more selective and safer ADC. Oligonucleotides qualify as 
such a class of precise payloads due to their ability to arrest protein production by homing 
in on specific genes. The use of small interfering RNA (siRNA) and anti-sense oligonucle-
otides (ASO) has rapidly evolved over the past decade [4]. Even though oligonucleotides 
offer selectivity, they suffer from challenges such as short serum stability, low membrane 
permeability, and lack of tissue selectivity. Antibodies, with their longer half-life, ability 
to selectively deliver therapeutics inside the cells, and targeting properties, make them 
ideal partners for the targeted delivery of oligonucleotides. ADCs suffer from systemic 
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toxicity due to non-selective payloads, but the selectivity of oligonucleotides could en-
hance the ability of conjugates to only affect target disease cells. Antibody–oligonucleotide 
conjugates (AOCs) combine the high precision of siRNA and ASOs with the deliverability 
of antibodies, thus synergizing the advantages of both technologies. 

The field of AOCs started initially as a means to develop powerful diagnostic tools 
but has evolved more recently as a targeted therapeutic approach for many diseases [5]. 
The use of AOCs grew rapidly due to their ability to detect antigens with greater sensitiv-
ity with PCR compared to fluorescent or other colorimetric methods [5]. As the field of 
oligonucleotides matured and selective tissue delivery became an important challenge for 
clinical use, AOCs transformed into potential single-agent therapeutics. Both the ADC 
and the oligonucleotide field have had tremendous growth in chemistry, conjugation and 
analytics over the past decade, which has increased the chances of generating a successful 
AOC.  

We will highlight the development and use of AOCs for the potential treatment of 
diseases. The focus will be on conjugation methods and the in vitro and in vivo data gen-
erated from these AOCs. The review will point out differences and similarities between 
ADCs and AOCs. While some of the aspects of development and preparation of ADCs 
and AOCs might seem related, they are different modalities with their own unique chal-
lenges. 

2. Conjugation of Oligonucleotides to Antibodies 
Conjugation of drug-linkers in ADCs exclusively uses the direct conjugation method. 

Oligonucleotides, on the other hand, have more conjugation methods than typical small 
molecules. Figure 1 illustrates the four general methods used to prepare AOCs. These 
methods involve ionic interactions (Figure 1A), affinity binding (Figure 1B), direct conju-
gation (1C) and utilization of the double-strand as a conjugation moiety (Figure 1D). The 
use and advantages of each will be discussed. 

A)  Ionic Interactions B)  Affinity Conjugtaion

C)  Direct Conjugation D)  Hybridization
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Figure 1. General methods to conjugate oligonucleotides by (A) electrostatic interactions, (B) affinity between biotin and 
avidin, (C) directly to antibody and (D) using double-strand hybridization. 

Conjugating oligonucleotides to proteins generates different challenges from the 
more traditional conjugation of small molecules. Challenges in the preparation of ADCs 
include heterogeneity, hydrophobicity of the drug-linker, aggregation and stability of the 
linker. The size of the drug and its charge contribution to the resultant conjugate also have 
a significant impact on the preparation of an ADC, but these challenges are amplified in 
AOCs. For example, the molecular weight (MW) of a typical drug-linker in an ADC is less 
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than 2 kDa, while an oligonucleotide is larger and can have an MW greater than 10 kDa. 
This means that the influence of the oligonucleotide on the physical and chemical proper-
ties of the conjugated antibody (150 kDa) will be larger than for small molecules. Thus, 
the analytical and purification methods used in the preparation of ADCs may not translate 
to AOCs. 

Oligonucleotides with their negatively charged phosphate backbones are water-sol-
uble, which can contrast with some small molecules found in ADCs. The negative charge 
that imparts solubility is also a challenge once conjugated to an antibody as it significantly 
changes the overall charge of the antibody. Conventional drug-linkers are usually neutral 
or have fewer than two charges/drug-linker and are optimized to not significantly change 
the properties of the parent antibody once conjugated. Even if the ADC has measurable 
differences by imaged capillary isoelectric focusing (icIEF) and ion-exchange (IEX) chro-
matography compared with the antibody, the resultant conjugate behaves much like the 
parent antibody and can be analyzed and purified as such. However, oligonucleotides are 
inherently negatively charged (with over 20 negative charges) and will dominate the over-
all charge profile of the AOC. Thus, the analysis and characterization of an AOC is any-
thing but conventional or straightforward. For example, while most mass-spectrometry 
(MS)-based methods used in the characterization of ADCs rely on detection using the pos-
itive mode, AOCs with their many negative charges are almost invisible under those de-
tection conditions. 

Another main difference in the characterization of ADCs and AOCs is how the 
drug/oligonucleotide-to-antibody ratio can be calculated. Typical standard drug to anti-
body ratio (DAR) characterization for ADCs involves reverse-phase HPLC and/or hydro-
phobic interaction chromatography (HIC), which rely on the hydrophobicity of the drug-
linker. These chromatographic methods are not transferable to the determination of oli-
gonucleotide to antibody ratios (OAR). Methods used to determine OAR will be discussed 
in the individual conjugation method sections. 

With an ADC, the conjugate behaves much like an antibody and not like a small mol-
ecule; with an AOC, the conjugate behaves both like an antibody and an oligonucleotide. 
Because of such differences, most recent advances in the purification and analytics of 
ADCs will not transfer to AOCs. This creates new challenges and the need for novel ap-
proaches for the purification and characterization of AOCs. 

2.1. Conjugation Using Ionic Interactions 
The addition of linkable groups to oligonucleotides is not trivial and can result in the 

synthesis of uncommon or expensive nucleotides [6]. However, the negative charge of the 
oligonucleotide backbone presents an attractive avenue for the preparation of conjugates. 
To this end, initial fusion or modification of an antibody with a multi-cationic moiety such 
as protamine or polyarginine allows for a general conjugation process [7,8]. The negative 
charge of the oligonucleotide backbone and positive charge of the protamine binds the 
oligonucleotide and protein strongly via ionic interactions. This method is applicable to 
many types of oligonucleotides since it does not require any chemical modification. Pro-
tamine is the most used multi-cationic group since it is an endogenous protein found in 
sperm and has been used to delay the activity of insulin [9]. 

The advantage of this method is its simplicity and flexibility in allowing the conjuga-
tion of different oligonucleotide sequences and technology with one polycationic protein. 
This could be useful for evaluating different gene knockdowns with the same antibody 
and measuring their activity in cells. Another advantage of ionic conjugation is that once 
the oligonucleotide enters cells, the polycationic complex acts as a lysosomal escape agent. 
In the lysosome, the polycationic complex acts as a proton sponge, and chloride ions dif-
fuse inside to compensate for the charge imbalance causing osmotic swelling, which re-
sults in a leakier membrane [10]. This lysosomal escape is important, since oligonucleo-
tides are not very membrane-permeable, and this allows for more oligonucleotides to en-
ter the cytosol [10]. However, the main drawback of this method is that the interactions 
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are ionic and thus, reversible. The conjugate could potentially be unstable, especially un-
der changing pH or salt concentration. Another drawback of ionic interactions is the dif-
ficulty in determining the OAR, which is usually accomplished by fluorescence or PCR 
amplification. 

The first example of antibody-mediated delivery of siRNA was published in 2005 by 
the Liberman group [7]. In this work, they prepared an antibody-protamine fusion protein 
and used it to deliver siRNA against the HIV-1 capsid gene gag. Using a fluorescein isothi-
ocyanate (FITC)-labeled oligonucleotide, it was observed that each protamine could bind 
around six siRNA molecules. The antibody fragment targeted the HIV-1 envelope, which 
resulted in the inhibition of HIV replication in only HIV-infected primary T-cells in vitro. 
Since there are no in vivo models for HIV, a cancer cell line (B16) was transfected with the 
HIV envelope, and siRNA inhibiting oncogenes such as c-myc, MDM2 and VEGF were 
prepared. The power of protamine conjugation was clearly exemplified, as three different 
constructs could be generated rapidly using this conjugation method. Using a fluorescent-
labeled oligonucleotide, it was found that a trastuzumab-based AOC was stable, and the 
siRNA was selectively delivered to ErbB2-expressing cell lines. 

Following up on this discovery, a subsequent report used a human protamine fusion 
protein to silence genes in cells. The approach was to use AOCs to transfect cell lines, 
which was otherwise difficult to accomplish. One target of interest was the lymphocyte-
function-associated antigen-1 (LFA-1), where selected genes could be silenced or modified 
in primary lymphocytes, monocytes and dendritic cells [11]. The internalization capacity 
of antibodies allowed gene silencing in hard-to-transfect cells in vitro. The AOC was also 
able to direct siRNA in LFA-1 engrafted lungs of SCID mice as an in vivo proof of concept. 

A protamine anti-EGFR antibody was prepared by the Baumer group, who showed 
that an siRNA towards KRAS showed activity both in vitro and in vivo (Figure 2) [12]. Of 
note, KRAS has been a notoriously difficult oncogene to inhibit using standard small-mol-
ecule approaches [12]. The Baumer group compared protamine linked to both cysteine 
and lysine versus an antibody fusion construct. The activity was similar between the fu-
sion antibody and the chemically modified ones, but the linker modified approach was 
more flexible [13]. 
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Figure 2. Protamine conjugated using Sulfo-SMCC. 



J. Clin. Med. 2021, 10, 838 5 of 17 
 

 

Similarly, a SMCC-protamine antibody-siRNA conjugate was reported to inhibit 
TRIM24, which is overexpressed in prostate cancer [14]. An antibody towards prostate-
specific membrane antigen (PSMA) was used to show selective internalization of FAM-
siRNA [14]. The PSMA AOC showed potent activity in vitro and in vivo compared to 
negative controls. 

In another approach that utilized ionic interaction conjugation, lysine residues on an 
antibody were initially derivatized with Traut’s reagent and further elaborated into a di-
sulfide polyarginine conjugation handhold (Figure 3). A STAT-3 siRNA sequence was de-
livered using an AOC targeting the Lewis-Y antigen (Figure 3) [15]. The polyarginine con-
struct delivered siRNA specifically to cancer cells (A431) that overexpressed the Lewis-Y 
antigen and resulted in a 70% knockdown of STAT-3. In comparison, a conjugate in which 
the oligonucleotide was covalently linked to the antibody was also prepared using disul-
fide chemistry without polyarginine. Interestingly, the covalent conjugate was not effica-
cious on its own and required the addition of chloroquine, which promoted lysosomal 
escape. It was speculated that the superior activity of the polyarginine conjugate was be-
cause it helped the oligonucleotide escape the endosomes. This work demonstrates how 
ionic conjugation can benefit the activity of the AOC by promoting endosomal escape. 
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Figure 3. Polyarginine conjugation. 

The Schultz group followed a similar strategy to create a polyarginine copolymer 
using RAFT polymerization (Figure 4) [16]. One end of the polymer contained a hydrox-
ylamine, which formed an oxime bond by condensation with the non-natural amino acid 
para-acetylphenylalanine (pAF). The cationic polymer could then react with the nega-
tively charged backbone of oligonucleotides. In this example, an FITC-labeled oligonucle-
otide was used to show targeted delivery to cancer cells using a trastuzumab-modified 
antibody. The knockdown activity of the AOC was measured by a PCR assay of mRNA 
levels of GAPDH, the siRNA target. 
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Figure 4. Polyarginine copolymer conjugation. 

Using electrostatic interactions to conjugate oligonucleotides is an ingenious and 
generalizable method that is flexible across different types of oligonucleotides. An inter-
esting advantage of ionic conjugation is that the polycations help the oligonucleotide es-
cape the endosomes or lysosomes. Characterization of these conjugates with respect to the 
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number of oligonucleotides attached is usually accomplished by using PCR or a fluores-
cent-labeled oligonucleotide. However, more comprehensive studies are needed to gain 
further insight into the in vivo stability, rate of release and ADME properties. 

2.2. Avidin-Based Conjugation 
In a similar approach, AOCs have also been successfully generated using the strong 

interactions between a biotin-labeled oligonucleotide and avidin (Figure 1B) [17]. A con-
jugate generated using this technique showed gene inhibition which was observed by 
transfecting human 293 cells with a luciferase gene. An antibody to the human insulin 
receptor showed that maximal inhibition of 90% was achieved after 48 h, and no inhibition 
was observed after 7 days by measuring luciferase activity. The advantage of avidin-based 
conjugation is the in vivo stability of the resultant conjugates. While polycationic com-
plexes can aggregate in vivo due to changes in saline concentration, biotin-complexes are 
much more resistant to such effects [18]. 

Another approach used neutravidin as a linkable group for antibodies [19]. A podo-
cyte-directed sheep divalent IgG was linked with neutravidin through cysteine, and pro-
tamine was conjugated to the antibody using a biotin tag [19]. An AOC was prepared 
using electrostatic interactions as described in Section 2.1. This AOC had increased in vivo 
efficacy found only with the directed siRNA but not with a random siRNA control. The 
goal of the study was to show that the antibody could be used to knockdown genes selec-
tively in specific tissues. The future value of this approach would be to knockdown genes 
in specific tissues without generating the systemic effects of a knockdown mice model. 
Since it is expensive and time-consuming to develop transgenic mice, delivery of siRNA 
using antibodies offers a more general, easier approach to model disease states. 

Although this is an efficient and practical method to conjugate, it still involves chem-
ical modification of the antibody and the oligonucleotide or protamine with either biotin 
or streptavidin. Even if the bond between streptavidin and biotin is strong and efficient, 
this is a hybrid method that involves steps as described in Section 2.1 as well as those in 
the direct conjugation method described in the next section. Although it offers a stable 
bond, this method of generating AOCs is not as general as protamine and usually requires 
as many steps as other conjugation methods. 

2.3. Direct Conjugation 
The direct conjugation method is more analogous to ADCs in which a linkable group 

is added to the oligonucleotide and conjugated directly to a lysine, cysteine, or an engi-
neered amino acid of the antibody. This method allows the use of the same linker versa-
tility found in ADCs such as cleavable, disulfide, and non-cleavable linkers [20]. This 
method also has the advantage that linkers are smaller and have less impact on the overall 
conjugate, compared to the larger protamine or avidin complexes. On the other hand, each 
oligonucleotide construct must contain a linker handhold and be chemically modified to 
attach the linker. The linker technology must be compatible and stable in the presence of 
DNA or RNA and their double-strand annealing process. 

The linker in the siRNA is usually incorporated into the sense strand rather than the 
anti-sense strand. The reasoning behind selecting the sense strand is that the anti-sense 
strand is the one used in the RNA-induced silencing complex (RISC) that results in gene 
silencing [21]. Modification of the sense-strand removes the chances that the residual 
linker group or the modified nucleotide will interfere with the siRNA binding to RISC. 

AOCs prepared by the direct conjugation method do not incorporate lysosomal es-
cape agents compared to conjugates prepared using the ionic method discussed in Section 
2.1. As a result, this could potentially lead to a slow escape of the oligonucleotide from the 
lysosome and thus, could impact the activity of the AOC. 

A powerful method to control DAR in ADCs is the introduction of an engineered 
site-specific cysteine on the antibody, which improves the overall properties of the ADC 
in vivo [22]. The site-specific cysteine engineered antibodies developed by Genentech are 
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named Thiomab™. Analogous to ADCs, various Thiomab™ antibodies were conjugated 
to 21-mer oligonucleotides using SMCC and SPDB type linkers (Figure 5) [23]. The addi-
tion of the oligonucleotides added ~1/10th (for OAR =1) or ~1/6th (for OAR = 2) of the 
antibody weight and thus enabled the determination of OAR by MS. The AOCs were gen-
erated with oligonucleotides that contained modified nucleosides to improve serum sta-
bility. Using a fluorescent-labeled sequence, the internalization of the AOCs to the target 
cells was observed. Interestingly, only certain conjugates exhibited gene silencing activity, 
though they all internalized. 
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Figure 5. Direct conjugate method to oligonucleotide amine. 

Using the direct conjugation method with a variety of different linker types, the Sugo 
group was able to target skeletal and cardiac muscle with siRNA (Figure 6) [24]. The 
amount of siRNA present was determined using real-time polymerase chain reaction (RT-
PCR). The stoichiometry of siRNA load (OAR) varied between 1.0 to 2.2 per Fab’. 
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Figure 6. Conjugation through phosphate backbone. 

Another method of direct conjugation uses the DBCO-azide click or otherwise called 
the strain-promoted azide-alkyne cycloaddition (SPAAC) reaction to generate conjugates 
as shown in Figure 7. The advantages of this method are that one batch of antibody with 
the same linker-antibody ratio can be functionalized and different oligonucleotides can be 
conjugated orthogonally. Varying the equivalents of DBCO and/or azide modified oligo-
nucleotide resulted in different higher-molecular-weight species (OAR), as expected. Fast 
protein liquid chromatography (FPLC) of Cy5-modified oligonucleotide was used to de-
termine the average OAR, which was found to be 1.2 when four equivalents of the azide-
functionalized oligonucleotide were used [25]. The reverse reaction in which the azide 
was conjugated to the antibody, and a DBCO-modified oligonucleotide was used, was 
also shown to be successful [26]. AOCs generated using click chemistry have used modi-
fied 2’-deoxy-2’-fluoro-β-D-arabinonucleic acid (FANA) oligonucleotides to generate 
more serum stable conjugates [27]. The click method of direct conjugation is often fol-
lowed in the preparation of AOCs that are used in diagnostics [28]. Due to the orthogo-
nality of click chemistry, and the compatibility with the oligonucleotide, this is a robust 



J. Clin. Med. 2021, 10, 838 8 of 17 
 

 

and popular method for conjugation. The hydrophobicity of DBCO and BCN reagents 
does not pose a challenge due to the water solubility of the oligonucleotide. 

 
Figure 7. Azide-alkyne click chemistry based conjugation. 

Conjugation of oligonucleotides can also use the same site-specific conjugation tech-
nology used in the generation of homogeneous ADCs. Thus, an AOC with an OAR of 2 
was prepared using site-specific conjugation by the addition of an azide-containing spacer 
and a transglutaminase compatible linker (Figure 8) [29]. The addition of a DBCO func-
tionalized oligonucleotide could then undergo a click reaction to generate a homogeneous 
AOC with OAR of 2 by measuring MW shift by SDS-PAGE. 
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Figure 8. Transglutaminase-click chemistry. 

Another interesting method for direct conjugation uses a disuccinimidyl linker (Fig-
ure 9). Even though the linker used is homobifunctional, when an excess of the linker is 
added to an amine-modified oligonucleotide, the major product is one linker/oligonucle-
otide. The intermediate linker-derivatized oligonucleotide is conjugated directly to the ly-
sine of antibodies [6]. The modification of the antibody is determined by SDS-PAGE and 
MALDI-TOF. The main advantage of this method is that it is relatively inexpensive com-
pared to other direct conjugation methods. Amine-containing DNA sequences are easier 
to access commercially than thio- or azide-modified sequences. The authors determined 
that it is the most cost-efficient and rapid method to generate AOCs and only requires 10 
µg of antibody. This method was used to generate AOCs for use in diagnostics. 

 
Figure 9. Disuccinimidyl linker. 

Using a non-natural pAF group, an AOC with trastuzumab was generated [30]. This 
AOC was used as a PCR primer to detect the presence of Her2+ samples with greater 
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precision and sensitivity. This showcases the versatility of the orthogonal oxime linker 
chemistry as a protein labeling tool. 

Recently, a site-specific lysine conjugation has been described in which a beta-lactam 
can react selectively to an H38C2 antibody as shown in Figure 10 [31]. This hidden lysine 
has a lower pKa (6.0) since it is in an accessible hydrophobic pocket, which in turn in-
creases by orders of magnitude its reactivity towards electrophiles [32]. A targeting extra 
variable domain (Her2 or BCMA) is added to the H38C2 antibody, which generates the 
AOCs. The conjugation was achieved in good yields and resulted in a conjugate with an 
OAR of 2 using SDS-PAGE. Although no cytotoxicity was exhibited by this conjugate, 
silencing was observed in vitro. 
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Figure 10. Beta-Lactam conjugation. 

Finally, non-engineered chemical site-specific conjugation technology has been re-
cently reported using Fc affinity [33]. An advantage of this technology is that it generates 
homogeneous DAR using standard chemistries without the need for antibody engineer-
ing, thereby simplifying the analytics [34]. This approach was applied to AOCs and could 
help simplify the conjugation and analytics [35]. 

To summarize, the linker and antibody engineering used in ADCs can apply to AOCs 
when using the direct conjugation method. The direct conjugation method seems to offer 
the greatest flexibility, but judicious choice of linker compatibility and position on the 
oligonucleotide are still required. We expect that the direct conjugation will be a preferred 
method to prepare AOCs going forward. 

2.4. DNA Origami or Hybridization Conjugation 
AOCs with double-strand oligonucleotides could be obtained by a hybridization ap-

proach. A single strand oligonucleotide is first conjugated to an antibody and a comple-
mentary strand is hybridized to form a double-strand AOC. The kinetics of double-strand 
hybridization is estimated to be >106 M·s-1, which is orders of magnitude faster than click 
chemistry and other conjugation methods [36,37]. The rate and specificity of hybridization 
allows one to build defined structures and incorporate chemotherapeutics. One example 
was to use cetuximab as a targeting agent for the delivery of doxorubicin, which can be 
delivered to cells by intercalation into the oligonucleotide double-strand (Figure 11) [38]. 
This strategy allowed the incorporation of up to 480 molecules of doxorubicin/structure 
with three targeting antibodies. 
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Figure 11. Doxorubicin intercalation into a 3D structures. 

This approach has been modified where the AOC is a carrier for a cytotoxin like an 
ADC (Figure 12A). A double-strand oligonucleotide was used to intercalate about eight 
doxorubicin per DNA molecule, which significantly increased the delivery of doxorubicin 
to cells [39]. In another instance, an AOC containing a single-strand oligonucleotide was 
formed using a direct attachment method, and separately, a complementary strain was 
attached with an ADC drug-linker and hybridized (Figure 12B). Two examples of this 
approach have been documented, and both have used trastuzumab as the targeting anti-
body [40,41]. In one example, the first oligonucleotide strand was conjugated to the anti-
body using interchain disulfides to give a variety of OAR, which was controlled by ad-
justing TCEP equivalents used during the reduction step. The complementary strain of 
DNA was modified with a thiol or an amine to conjugate MC-Val-Cit-PAB-MMAE, 
SMCC-DM1 or DM1 directly. AOCs with OAR ranging from 1.9 to 4.6 measured by SDS-
PAGE and IEX chromatography were obtained and evaluated [40]. In vitro activity in-
creased with OAR, and the activity observed was comparable to T-DM1. In another ex-
ample, the single strand oligonucleotide was conjugated using a two-step click conjuga-
tion process through lysine [41]. The complementary strand was conjugated to MC-Val-
Cit-PAB-MMAE by having a cysteine residue at the 3’ to add the drug-linker. The OAR 
distribution varied between 0 and 5 with an average of 1.9 measured by native MS. The 
in vitro assay data indicated selective activity towards target positive cells but was around 
100-fold less potent than trastuzumab conjugated directly to the linker-payload (Val-Cit-
PAB-MMAE). The author suggested that this could be due to the negative charge of the 
oligonucleotide, which can slow internationalization of the AOC. 
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Figure 12. (A) Intercalation of doxorubicin and (B) hybridization of the drug-linker carrying strand. 
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The length of the oligonucleotide is very important for the hybridization approach. 
If the oligonucleotide sequence is too short, the duplex will not be stable enough in 
plasma, and if it is too long, it can form secondary structures [42]. In the case of intercala-
tion with doxorubicin, the length of the sequence determines the amount of doxorubicin 
that can be carried by the AOC. Even though the kinetics are higher than for click chem-
istry, the cost of having a linker-payload attached to an oligonucleotide does not seem to 
favor conjugation through hybridization. This hybridization technique is very powerful 
for diagnostic use, but it seems more challenging for AOCs targeted towards disease. 

2.5. Summary 
All four methods of conjugation have yielded AOCs that could be characterized and 

tested in vitro and some in vivo. Most AOCs currently have OARs less than 4, but like 
ADCs, this could change over time. The overarching observation is that current methods 
used to determine OAR and distribution still pose a challenge for AOCs. The ability to 
attach a fluorescent probe to the oligonucleotide does allow measurement of OAR as an 
average, but without further separation of the species, their distribution is unknown. PCR 
is a powerful method to determine  OAR by how much oligonucleotide is present, but 
distribution is also unknown. Due to the size and charge of the oligonucleotide, SDS-
PAGE and IEX have been used to separate species and determine a distribution. Mass-
spectrometry has been used for OAR determination, especially with homogeneous conju-
gation. General analytical methods for characterization are still a challenge, and as the 
field matures, these will surely become more routine. 

3. In Vitro Data 
This section will cover the use of in vitro data showing gene silencing, cytotoxicity, 

internalization kinetics, and processing of AOCs. If AOCs follow a similar pattern to 
ADCs, there could be little correlation between in vitro and in vivo results. Nonetheless, 
these in vitro studies can help shed some light on the nuances between conjugates. In vitro 
testing is necessary to understand parameters that play an important role in the in vivo 
activity of AOCs. 

When it comes to in vitro mechanisms and controls, oligonucleotides do have some 
advantages compared to ADCs and other therapeutics. For example, a negative control 
can be made by just having a random oligonucleotide sequence of the same length and 
type. The addition of a fluorophore on the sense or anti-sense strand allows for the simul-
taneous tracking of the therapeutic and measurement of its activity with the same con-
struct. In short, one well-designed AOC could give different levels of information, from 
cytotoxicity to stability and finally to imaging with one molecule. 

3.1. Evaluating Gene Inhibition 
The efficacy of an AOC will depend on its ability to inhibit protein production. The 

ability of the AOC to knockdown a gene can be performed by measuring mRNA [23], 
Western blotting or incorporating a green fluorescent protein (GFP) into the system. In 
combination with a fluorophore, the gene silencing activity and trafficking could be cor-
related together. A study by Xia et al. showed that by following luciferase activity, the 
highest-level gene silencing was observed at 48 h, and its silencing activity disappeared 
at day 7 [17]. Most studies measure gene silencing activity between 24 h and 72 h, since 
that is typically the time for maximal gene inhibition. At this time, it is not clear what 
minimum level of inhibition is needed for activity and if it correlates to in vivo data, but 
measuring gene inhibition appears to be important in vitro assay. 

3.2. Internalization and Trafficking 
The internalization and tracking of AOCs can be accomplished by labeling the oligo-

nucleotide with a fluorophore or other tracking agent (Figure 13). Internalization of AOCs 
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is generally observed for most targets, but escape from the lysosome seems more variable. 
Studies of different targets and silencing activity found that not all targets lead to silencing 
even when they are internalized [23]. Investigation by confocal microscopy showed strong 
co-localization of the AOC and LAMP2, which indicates processing through the endoso-
mal pathway. It was postulated that differences in processing and/or escape from the ly-
sosome can change the activity significantly between targets [23]. This reinforces the no-
tion that some targets might require protamine or other lysosomal escape agents to in-
crease the activity of the AOC. From in vitro studies, lysosomal escape seems to be an 
important consideration when developing an AOC and a major consideration in the se-
lection of the target and construct design. 

 
Figure 13. Fluorophore containing AOC. 

3.3. Cytotoxicity 
Cytotoxicity is a useful measurement in oncology for the ability of the construct to 

arrest division and kill cells. Since AOCs are being investigated in genetic diseases as well 
as in oncology, cytotoxicity assays might not be the best measurement of activity. To put 
this into context, the IC50 of AOCs are generally in the nanomolar range, compared to 
ADCs, which are mostly in the picomolar range. This difference in activity could be due 
to the lack of lysosomal escape, trafficking differences or stability. The target of the oligo-
nucleotide could also be important; some cells may be more sensitive to the silencing of a 
gene than others. No matter the reason, the selection of the antibody target will have to 
be matched with the activity of the AOC. 

Cytotoxicity is an important measurement for AOCs that deliver cytotoxic agents. A 
doxorubicin intercalated cetuximab AOC showed 2.7 to 7 times more potent activity to-
wards EGFR+ cell lines than free doxorubicin [39]. An in vitro cytotoxicity assay for a Her2 
targeting oligonucleotide using DM1 and MMAE showed similar activity and specificity 
compared with conventional ADCs [40]. An experiment with a trastuzumab MMAE con-
taining AOC showed single-digit nanomolar activity but was still about 10 times less po-
tent than the comparable ADC [41]. In these two examples, the antibodies were different, 
but both targeted Her2-expressing cell lines and contained different cleavable MMAE ol-
igonucleotide constructs. This illustrates that even when releasing the same MMAE mol-
ecule, with the same release mechanism, the oligonucleotide chemistry can impact the 
activity. Regardless, the activity of these oligo-conjugates is on par with early ADC work 
and remains promising. 

3.4. Stability 
The question of stability in blood is an important consideration due to the short half-

life of oligonucleotides alone in plasma [41]. A study of DNA-based AOC tripled the half-
life (5.7 days) compared with oligonucleotide alone (1.9 days) in human plasma [41]. A 
cetuximab oligonucleotide stabilized to protamine showed stability after 22 h in serum 
[12]. Early in vitro stability studies indicate that the oligonucleotide portion of the AOC 
does show enough stability to be dosed in vivo and have pharmacological activity. 

Fluorophore
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3.5. Summary 
Overall, the work presently published indicates that AOCs do offer a stability ad-

vantage over oligonucleotides alone, but more stable modified nucleotides are still neces-
sary. AOCs seem to follow a similar internalization to the lysosome pathway as ADCs. A 
challenge for AOCs is the endosomal/lysosomal escape of the active oligonucleotide. AOC 
cannot simply rely on membrane permeability to enter the cytosol, unlike small mole-
cules. The maximum gene silencing seems to occur between 24 h to 72 h in vitro. Current 
data show the ability of AOCs to inhibit cell growth by the delivery of either siRNA or 
cytotoxic agents. Overall, AOCs show promising results in vitro, but the concentrations 
required for activity are higher than their ADC counterparts. With promising in vitro data, 
the translation to in vivo models will be discussed next. 

4. In Vivo Data 
Conjugates have shown in vitro silencing, but without in vivo data, it is hard to know 

how much gene silencing is required for activity and if enough of the oligonucleotide can 
be delivered in xenograft models. AOCs have the same challenges as many other thera-
peutics in that even if silencing of protein is observed, it is unknown if that will lead to in 
vivo efficacy due to redundant systems in the cell or low levels of delivery. Thus, assessing 
the activity of the oligonucleotides alone is difficult. The selection of the antibody, the 
gene being silenced and the trafficking of targets will all be crucial for in vivo success. 

4.1. In Vivo Imaging 
The ability to add dyes to the oligonucleotide sense and anti-sense strands does allow 

for in vivo imaging of the AOC and oligonucleotide. Unfortunately, very few studies look-
ing at animal models of the distribution of AOCs have been found. 

A study performed using a Thiomab-based AOC towards TENB2 and silencing the 
PPIB gene was dosed 24 mg/kg three times over 3 days. The results showed 33% inhibition 
of the PPIB gene in mouse tumors [23]. An interesting note was that monitoring of a dye 
containing AOC showed that only the layers near the vasculature internalized the AOC. 
The authors speculate that the negative charge of the oligonucleotide repels the negative 
charge of the membrane, which could prevent penetration through a poorly vascularized 
tumor. These results also indicate the advantage of labeling the AOCs with a dye on the 
siRNA sequence to monitor location and activity. 

The in vivo imaging is an important aspect to investigate further as early results in-
dicate that tumor or tissue penetration is limited. The development of AOCs capable of 
distributing throughout the entire tumor or tissue could be key in their clinical success. 

4.2. Efficacy 
In general, the gold standard of preclinical data is efficacy in a relevant animal model. 

No matter how compelling or non-compelling the in vitro data is, programs that show 
poor in vivo efficacy usually do not progress into development. The limited in vivo data 
available on AOCs have shown mixed results and will be discussed in more detail below. 
The reasons for the mixed results are unknown and could include factors such as rescue 
pathway of inhibition and lack of potency or distribution. This does not mean that the 
concept of AOCs is flawed; some parameters will need to be optimized in future work. 

The Lieberman group created an AOC with a cocktail of different gene-silencing siR-
NAs by ionic conjugation [7]. In mice implanted with a B16 engineered cell line overex-
pressing the HIV envelope, an siRNA cocktail to c-myc, VEGF and MDM2 showed in vivo 
activity. The AOC was dosed to deliver 3 × 80 micrograms of siRNA both intratumorally 
and intravenously on Days 0, 1 and 3, and the mice were sacrificed after day 9. The tumors 
were measured daily after 5 days, and at the end of the study, the tumors were collected 
and weighed. Both injection methods resulted in tumors weighing around 200 mg, while 
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all the controls had weights around 800 mg. This does show the ability of ionic conjugation 
to deliver multiple siRNA sequences in one construct. 

In an interesting approach, the Uckun group used bioinformatics to select a gene for 
inhibition in ALL. An AOC combining a CD19 targeting antibody and an anti-sense oli-
gonucleotide to E2A-PBX1 was prepared using disulfide direct conjugation methodology 
[43]. The AOC was microdosed at 93 nmol/kg over 14 days in SCID mice. The mice treated 
with the AOC doubled their leukemia-free survival time compared to mice dosed with a 
control. Of note, the model used is resistant to radiotherapy, and this B-lineage ALL is 
challenging to treat. This a strong example that AOCs can be a general platform in which 
a gene can be identified, the sequence generated, and the construct tested in vivo without 
needing to find a small molecule inhibitor. 

Based on similar reasoning, targets that are difficult to inhibit by small molecules 
could be rapidly inhibited by siRNA. An AOC using cetuximab and siRNA to KRAS was 
generated by ionic conjugation. This AOC showed significant tumor growth inhibition in 
three KRAS-mutated colon cancer cell lines when dosed at 4 mg/kg twice a week for 3 
weeks. The activity was driven by the KRAS-inhibiting AOC as the cetuximab alone and 
cetuximab with a random oligonucleotide did not show any activity [12]. It is noteworthy 
that cell line HT29, which is also BRAF-mutated, was resistant to all treatment options. 
Histological investigation showed that the expression of the proliferation antigen Ki-67 
was reduced only in KRAS-silencing groups. This research illustrates that difficult-to-
drug targets could be treated using an AOC approach. 

A research study on using a CD71-targeting AOC developed for the potential treat-
ment of muscle diseases suggested that the AOC could be delivered selectively to the heart 
and calf muscle [24]. A running test for mice showed that silencing myostatin by intra-
muscular injection resulted in a major recovery of running performance. This approach 
indicates that AOCs could be used specifically for muscular disease and genetic disorders. 
Delivering oligonucleotides to specific tissues is an important goal that AOC could ad-
dress. 

An ASO against MXD3 conjugated to a CD22 antibody showed a significant survival 
time increase in a Reh xenograft AML model [26]. The animals were dosed twice a week 
for 3 weeks, and a dose-response could be observed from 0.2 mg/kg to 10 mg/kg. The free 
antibody was also co-dosed with the free ASO, and a dose response was observed but was 
significantly less effective than the AOC. Moving to patient-derived samples, a doubling 
of survival time was observed with doses as low as 0.2 mg/kg, and a greater survival time 
was noted for the 1 mg/kg dose. This ASO conjugate does look promising since it has a 
dose response and a clinically relevant dosing schedule. 

A PSMA AOC that inhibited Trim24 was tested in vivo for efficacy [14]. At a dose of 
5 mg/kg five times over 2 weeks, it showed tumor regression compared to a non-binding 
AOC and PBS controls. Interestingly, the negative random siRNA-control showed signif-
icant inhibition, but not as much as the active siRNA AOC. The author speculated that 
ADCC activity might be an important component of the observed activity, and the target-
ing PSMA antibody without siRNA was not reported. The role of the siRNA is still to be 
determined, but this is an encouraging result. 

4.3. Pharmacokinetics (PK) 
A study looking specifically at the stability and PK of AOCs has recently been pub-

lished by the Rader group along with Alnylam. This study looked at the PK profile of the 
AOC and the naked mAb [31]. The sense strand of the oligonucleotide was biotinylated, 
which allowed the capture of the conjugated antibody with streptavidin. The antibody 
could be captured by standard ELISA methods, and thus, a PK profile of the conjugated 
and total mAb could be generated. It was reported that the half-life of the AOCs was 9.5 
h and 12 h and that of the AOC antibody was 24 h and 37 h. The naked antibody had a 
half-life of 69 h. The shorter half-life could be due to cleavage of the phosphate bond be-
tween the linker and the oligonucleotide. The faster clearance of the total antibody in the 
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AOC versus just the naked antibody could mean that the oligonucleotide also contributes 
to the removal of the bioconjugate faster due to its size or charge. Analogously, hydro-
phobic ADCs tend to clear faster [44]. As more PK data are published, a better under-
standing of the parameters leading to improved in vivo stability will help advance the 
AOC field. 

4.4. Summary 
Most papers with AOCs do show interesting in vitro data, but in vivo data are scarce. 

What has been published is promising. AOCs can silence multiple genes simultaneously 
in an in vivo setting. Using a bioinformatic approach, new targets can be identified and 
inhibited in difficult-to-treat models. Intracellular or tissue localization of AOCs can be 
monitored simultaneously using a dye incorporated within the oligonucleotide strand. In 
some cases, activity was observed with dosing below 1 mg/kg in xenograft models. There 
are still many unanswered in vivo questions for AOCs, especially around PK and in vivo 
stability of the oligonucleotides. Toxicology studies in mice, rats, and cynomolgus mon-
keys are also missing pieces of the AOC in vivo landscape. Toxicology studies will be 
published over time as more AOCs progress through preclinical development. In vivo 
data indicate that AOCs do have a strong potential to regulate gene expression and could 
be used as biotherapeutics, but much preclinical validation is required before they enter 
the clinic. 

5. Conclusion and Outlook 
The field of AOCs started as a diagnostic tool but over the last 10 years has emerged 

as a novel therapeutic modality. The field is in its infancy, and much more preclinical 
work is required. As of the writing of this review, we are not aware of any AOCs that have 
entered the clinic. On the other hand, siRNA conjugated to other targeting moieties have 
been approved [4]. Based on what has been published, major challenges in the field in-
clude analytical characterization, target and disease selection, trafficking and in vivo sta-
bility. As more tools become available, knowledge and mechanistic understanding of 
AOCs will evolve as well. 

We envision that the landscape of AOCs will change rapidly over the next decade as 
the fields of ASO and siRNA advance; as new oligonucleotide constructs with improved 
stability, membrane permeability and lysosomal escape become available; as advances in 
linker technologies are refined for specific use in AOCs; as instruments and analytical 
methods are developed for easier measurement of metabolites, PK profiles and AOC char-
acterization; and as target selection for AOCs that traffic directly to the cytosol are devel-
oped. These advances will significantly impact the next generation of AOCs. We speculate 
that with the large effort currently underway within many companies, the landscape will 
advance by leaps and bounds. 

The interesting in vitro and in vivo results published appear to justify these large 
research efforts. AOCs lend themselves to a personalized approach where the oligonucle-
otide sequence could be tailored for select genetic defects in one tissue, cancer biopsies 
could lead to individual siRNA cocktails and proteins could be selectively inhibited. 
AOCs could become an important arsenal in precision medicine, and we look forward to 
the next 10 years of development. 

Author Contributions: J.D.-T. and S.T. writing—original draft preparation, J.D.-T., S.T. and N.J.; 
writing—review and editing. All authors have read and agreed to the published version of the 
manuscript. 

Funding: This research received no external funding. 

Acknowledgments: We would like to thank Reva Raghupathi for comments and suggestions. 

Conflicts of Interest: The authors declare no conflict of interest. 



J. Clin. Med. 2021, 10, 838 16 of 17 
 

 

References 
1. Pysz, I.; Jackson, P.J.M.; Thurston, D.E. CHAPTER 1. Introduction to Antibody–Drug Conjugates (ADCs). In Cytotoxic Payloads 

for Antibody–Drug Conjugates; Thurston, D.E.; Jackson, P.J.M., Eds.; Royal Society of Chemistry: Cambridge, UK, 2019; pp. 1–30. 
ISBN 978-1-78801-077-1. 

2. Beck, A.; Goetsch, L.; Dumontet, C.; Corvaïa, N. Strategies and Challenges for the next Generation of Antibody-Drug Conju-
gates. Nat. Rev. Drug Discov. 2017, 16, 315–337, doi:10.1038/nrd.2016.268. 

3. Khongorzul, P.; Ling, C.J.; Khan, F.U.; Ihsan, A.U.; Zhang, J. Antibody–Drug Conjugates: A Comprehensive Review. Mol. Cancer 
Res. 2020, 18, 3–19, doi:10.1158/1541-7786.MCR-19-0582. 

4. Roberts, T.C.; Langer, R.; Wood, M.J.A. Advances in Oligonucleotide Drug Delivery. Nat. Rev. Drug Discov. 2020, 19, 673–694, 
doi:10.1038/s41573-020-0075-7. 

5. Dovgan, I.; Koniev, O.; Kolodych, S.; Wagner, A. Antibody–Oligonucleotide Conjugates as Therapeutic, Imaging, and Detection 
Agents. Bioconj. Chem. 2019, 30, 2483–2501, doi:10.1021/acs.bioconjchem.9b00306. 

6. Li, G.; Moellering, R.E. A Concise, Modular Antibody–Oligonucleotide Conjugation Strategy Based on Disuccinimidyl Ester 
Activation Chemistry. ChemBioChem 2019, 20, cbic.201900027, doi:10.1002/cbic.201900027. 

7. Song, E.; Zhu, P.; Lee, S.-K.; Chowdhury, D.; Kussman, S.; Dykxhoorn, D.M.; Feng, Y.; Palliser, D.; Weiner, D.B.; Shankar, P.; et 
al. Antibody Mediated in Vivo Delivery of Small Interfering RNAs via Cell-Surface Receptors. Nat. Biotechnol. 2005, 23, 709–717, 
doi:10.1038/nbt1101. 

8. Chandela, A.; Ueno, Y. Systemic Delivery of Small Interfering RNA Therapeutics: Obstacles and Advances. Rev. Agric. Sci. 2019, 
7, 10–28, doi:10.7831/ras.7.10. 

9. Hansen, B.; Linde, S.; Kølendorf, K.; Jensen, F. Absorption of Protamine-Lnsulin in Diabetic Patients—I. Preparation and Char-
acterization of Protamine- 125 I-InsuIin. Horm. Metab. Res. 1979, 11, 85–90, doi:10.1055/s-0028-1092685. 

10. Akinc, A.; Thomas, M.; Klibanov, A.M.; Langer, R. Exploring Polyethylenimine-Mediated DNA Transfection and the Proton 
Sponge Hypothesis. J. Gene Med. 2005, 7, 657–663, doi:10.1002/jgm.696. 

11. Peer, D.; Zhu, P.; Carman, C.V.; Lieberman, J.; Shimaoka, M. Selective Gene Silencing in Activated Leukocytes by Targeting 
SiRNAs to the Integrin Lymphocyte Function-Associated Antigen-1. Proc. Natl. Acad. Sci. USA 2007, 104, 4095–4100, 
doi:10.1073/pnas.0608491104. 

12. Baumer, S.; Baumer, N.; Appel, N.; Terheyden, L.; Fremerey, J.; Schelhaas, S.; Wardelmann, E.; Buchholz, F.; Berdel, W.E.; Mul-
ler-Tidow, C. Antibody-Mediated Delivery of Anti-KRAS-SiRNA In Vivo Overcomes Therapy Resistance in Colon Cancer. Clin. 
Cancer Res. 2015, 21, 1383–1394, doi:10.1158/1078-0432.CCR-13-2017. 

13. Bäumer, N.; Berdel, W.E.; Bäumer, S. Immunoprotein-Mediated SiRNA Delivery. Mol. Pharm. 2017, 14, 1339–1351, 
doi:10.1021/acs.molpharmaceut.6b01039. 

14. Shi, S.-J.; Wang, L.-J.; Han, D.-H.; Wu, J.-H.; Jiao, D.; Zhang, K.-L.; Chen, J.-W.; Li, Y.; Yang, F.; Zhang, J.-L.; et al. Therapeutic 
Effects of Human Monoclonal PSMA Antibody-Mediated TRIM24 SiRNA Delivery in PSMA-Positive Castration-Resistant Pros-
tate Cancer. Theranostics 2019, 9, 1247–1263, doi:10.7150/thno.29884. 

15. Ma, Y.; Kowolik, C.M.; Swiderski, P.M.; Kortylewski, M.; Yu, H.; Horne, D.A.; Jove, R.; Caballero, O.L.; Simpson, A.J.G.; Lee, 
F.-T.; et al. Humanized Lewis-Y Specific Antibody Based Delivery of STAT3 SiRNA. ACS Chem. Biol. 2011, 6, 962–970, 
doi:10.1021/cb200176v. 

16. Lu, H.; Wang, D.; Kazane, S.; Javahishvili, T.; Tian, F.; Song, F.; Sellers, A.; Barnett, B.; Schultz, P.G. Site-Specific Antibody–
Polymer Conjugates for SiRNA Delivery. J. Am. Chem. Soc. 2013, 135, 13885–13891, doi:10.1021/ja4059525. 

17. Xia, C.-F.; Boado, R.J.; Pardridge, W.M. Antibody-Mediated Targeting of SiRNA via the Human Insulin Receptor Using Avi-
din−Biotin Technology. Mol. Pharm. 2009, 6, 747–751, doi:10.1021/mp800194y. 

18. Bolcato-Bellemin, A.-L.; Bonnet, M.-E.; Creusat, G.; Erbacher, P.; Behr, J.-P. Sticky Overhangs Enhance SiRNA-Mediated Gene 
Silencing. Proc. Natl. Acad. Sci. USA 2007, 104, 16050–16055, doi:10.1073/pnas.0707831104. 

19. Hauser, P.V.; Pippin, J.W.; Kaiser, C.; Krofft, R.D.; Brinkkoetter, P.T.; Hudkins, K.L.; Kerjaschki, D.; Reiser, J.; Alpers, C.E.; 
Shankland, S.J. Novel SiRNA Delivery System to Target Podocytes In Vivo. PLoS ONE 2010, 5, e9463, doi:10.1371/jour-
nal.pone.0009463. 

20. Jain, N.; Smith, S.W.; Ghone, S.; Tomczuk, B. Current ADC Linker Chemistry. Pharm. Res. 2015, 32, 3526–3540, 
doi:10.1007/s11095-015-1657-7. 

21. Winkler, J. Oligonucleotide Conjugates for Therapeutic Applications. Ther. Deliv. 2013, 4, 791–809, doi:10.4155/tde.13.47. 
22. Junutula, J.R.; Raab, H.; Clark, S.; Bhakta, S.; Leipold, D.D.; Weir, S.; Chen, Y.; Simpson, M.; Tsai, S.P.; Dennis, M.S.; et al. Site-

Specific Conjugation of a Cytotoxic Drug to an Antibody Improves the Therapeutic Index. Nat. Biotechnol. 2008, 26, 925–932, 
doi:10.1038/nbt.1480. 

23. Cuellar, T.L.; Barnes, D.; Nelson, C.; Tanguay, J.; Yu, S.-F.; Wen, X.; Scales, S.J.; Gesch, J.; Davis, D.; van Brabant Smith, A.; et al. 
Systematic Evaluation of Antibody-Mediated SiRNA Delivery Using an Industrial Platform of THIOMAB–SiRNA Conjugates. 
Nucleic Acids Res. 2015, 43, 1189–1203, doi:10.1093/nar/gku1362. 

24. Sugo, T.; Terada, M.; Oikawa, T.; Miyata, K.; Nishimura, S.; Kenjo, E.; Ogasawara-Shimizu, M.; Makita, Y.; Imaichi, S.; Murata, 
S.; et al. Development of Antibody-SiRNA Conjugate Targeted to Cardiac and Skeletal Muscles. J. Control. Release 2016, 237, 1–
13, doi:10.1016/j.jconrel.2016.06.036. 



J. Clin. Med. 2021, 10, 838 17 of 17 
 

 

25. Gong, H.; Holcomb, I.; Ooi, A.; Wang, X.; Majonis, D.; Unger, M.A.; Ramakrishnan, R. Simple Method To Prepare Oligonucle-
otide-Conjugated Antibodies and Its Application in Multiplex Protein Detection in Single Cells. Bioconj. Chem. 2016, 27, 217–
225, doi:10.1021/acs.bioconjchem.5b00613. 

26. Satake, N.; Duong, C.; Yoshida, S.; Oestergaard, M.; Chen, C.; Peralta, R.; Guo, S.; Seth, P.P.; Li, Y.; Beckett, L.; et al. Novel 
Targeted Therapy for Precursor B-Cell Acute Lymphoblastic Leukemia: Anti-CD22 Antibody-MXD3 Antisense Oligonucleotide 
Conjugate. Mol. Med. 2016, 22, 632–642, doi:10.2119/molmed.2015.00210. 

27. Arnold, A.E.; Malek-Adamian, E.; Le, P.U.; Meng, A.; Martínez-Montero, S.; Petrecca, K.; Damha, M.J.; Shoichet, M.S. Antibody-
Antisense Oligonucleotide Conjugate Downregulates a Key Gene in Glioblastoma Stem Cells. Mol. Ther. Nucleic Acids 2018, 11, 
518–527, doi:10.1016/j.omtn.2018.04.004. 

28. Maerle, A.V.; Simonova, M.A.; Pivovarov, V.D.; Voronina, D.V.; Drobyazina, P.E.; Trofimov, D.Y.; Alekseev, L.P.; Zavriev, S.K.; 
Ryazantsev, D.Y. Development of the Covalent Antibody-DNA Conjugates Technology for Detection of IgE and IgM Antibod-
ies by Immuno-PCR. PLoS ONE 2019, 14, e0209860, doi:10.1371/journal.pone.0209860. 

29. Huggins, I.J.; Medina, C.A.; Springer, A.D.; van den Berg, A.; Jadhav, S.; Cui, X.; Dowdy, S.F. Site Selective Antibody-Oligonu-
cleotide Conjugation via Microbial Transglutaminase. Molecules 2019, 24, 3287, doi:10.3390/molecules24183287. 

30. Kazane, S.A.; Sok, D.; Cho, E.H.; Uson, M.L.; Kuhn, P.; Schultz, P.G.; Smider, V.V. Site-Specific DNA-Antibody Conjugates for 
Specific and Sensitive Immuno-PCR. Proc. Natl. Acad. Sci. USA 2012, 109, 3731–3736, doi:10.1073/pnas.1120682109. 

31. Nanna, A.R.; Kel’in, A.V.; Theile, C.; Pierson, J.M.; Voo, Z.X.; Garg, A.; Nair, J.K.; Maier, M.A.; Fitzgerald, K.; Rader, C. Gener-
ation and Validation of Structurally Defined Antibody–SiRNA Conjugates. Nucleic Acids Res. 2020, 48, 5281–5293, 
doi:10.1093/nar/gkaa286. 

32. Nanna, A.R.; Li, X.; Walseng, E.; Pedzisa, L.; Goydel, R.S.; Hymel, D.; Burke, T.R.; Roush, W.R.; Rader, C. Harnessing a Catalytic 
Lysine Residue for the One-Step Preparation of Homogeneous Antibody-Drug Conjugates. Nat. Commun. 2017, 8, 
doi:10.1038/s41467-017-01257-1. 

33. Matsuda, Y.; Mendelsohn, B.A. An Overview of Process Development for Antibody-Drug Conjugates Produced by Chemical 
Conjugation Technology. Expert Opin. Biol. Ther. 2020, 1–13, doi:10.1080/14712598.2021.1846714. 

34. Matsuda, Y.; Robles, V.; Malinao, M.C.; Song, J.; Mendelsohn, B.A. Comparison of Analytical Methods for Antibody-Drug Con-
jugates Produced by Chemical Site-Specific Conjugation: First-Generation AJICAP. Anal. Chem. 2019, 91, 12724–12732, 
doi:10.1021/acs.analchem.9b02192. 

35. Yamada, K.; Fujii, T.; Shikida, N.; Shimbo, K. Compound Comprising Substance Having Affinity for Antibody, Cleavage Site 
And Reactive Group, or Salt ThereoF. WO2019240287A1. 19 December 2019. 

36. Okahata, Y.; Kawase, M.; Niikura, K.; Ohtake, F.; Furusawa, H.; Ebara, Y. Kinetic Measurements of DNA Hybridization on an 
Oligonucleotide-Immobilized 27-MHz Quartz Crystal Microbalance. Anal. Chem. 1998, 70, 1288–1296, doi:10.1021/ac970584w. 

37. Zhang, J.X.; Fang, J.Z.; Duan, W.; Wu, L.R.; Zhang, A.W.; Dalchau, N.; Yordanov, B.; Petersen, R.; Phillips, A.; Zhang, D.Y. 
Predicting DNA Hybridization Kinetics from Sequence. Nat. Chem. 2018, 10, 91–98, doi:10.1038/nchem.2877. 

38. Setyawati, M.I.; Kutty, R.V.; Leong, D.T. DNA Nanostructures Carrying Stoichiometrically Definable Antibodies. Small 2016, 
12, 5601–5611, doi:10.1002/smll.201601669. 

39. Liu, T.; Song, P.; Märcher, A.; Kjems, J.; Yang, C.; Gothelf, K.V. Selective Delivery of Doxorubicin to EGFR + Cancer Cells by 
Cetuximab–DNA Conjugates. ChemBioChem 2019, 20, 1014–1018, doi:10.1002/cbic.201800685. 

40. Hsu, N.-S.; Lee, C.-C.; Kuo, W.-C.; Chang, Y.-W.; Lo, S.-Y.; Wang, A.H.J. Development of a Versatile and Modular Linker for 
Antibody–Drug Conjugates Based on Oligonucleotide Strand Pairing. Bioconj. Chem. 2020, 31, 1804–1811, doi:10.1021/acs.bio-
conjchem.0c00281. 

41. Dovgan, I.; Ehkirch, A.; Lehot, V.; Kuhn, I.; Koniev, O.; Kolodych, S.; Hentz, A.; Ripoll, M.; Ursuegui, S.; Nothisen, M.; et al. On 
the Use of DNA as a Linker in Antibody-Drug Conjugates: Synthesis, Stability and in Vitro Potency. Sci. Rep. 2020, 10, 7691, 
doi:10.1038/s41598-020-64518-y. 

42. Wiener, J.; Kokotek, D.; Rosowski, S.; Lickert, H.; Meier, M. Preparation of Single- and Double-Oligonucleotide Antibody Con-
jugates and Their Application for Protein Analytics. Sci. Rep. 2020, 10, 1457, doi:10.1038/s41598-020-58238-6. 

43. Uckun, F.M.; Qazi, S.; Dibirdik, I.; Myers, D.E. Rational Design of an Immunoconjugate for Selective Knock-down of Leukemia-
Specific E2A–PBX1 Fusion Gene Expression in Human Pre-B Leukemia. Integr. Biol. 2013, 5, 122–132, doi:10.1039/c2ib20114c. 

44. Hamblett, K.J.; Senter, P.D.; Chace, D.F.; Sun, M.M.C.; Lenox, J.; Cerveny, C.G.; Kissler, K.M.; Bernhardt, S.X.; Kopcha, A.K.; 
Zabinski, R.F.; et al. Effects of Drug Loading on the Antitumor Activity of a Monoclonal Antibody Drug Conjugate. Clin. Cancer 
Res. 2004, 10, 7063–7070, doi:10.1158/1078-0432.CCR-04-0789. 


	1. Introduction
	2. Conjugation of Oligonucleotides to Antibodies
	2.1. Conjugation Using Ionic Interactions
	2.2. Avidin-Based Conjugation
	2.3. Direct Conjugation
	2.4. DNA Origami or Hybridization Conjugation
	2.5. Summary

	3. In Vitro Data
	3.1. Evaluating Gene Inhibition
	3.2. Internalization and Trafficking
	3.3. Cytotoxicity
	3.4. Stability
	3.5. Summary

	4. In Vivo Data
	4.1. In Vivo Imaging
	4.2. Efficacy
	4.3. Pharmacokinetics (PK)
	4.4. Summary

	5. Conclusion and Outlook
	References

