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Antibody–bottlebrush prodrug conjugates 
for targeted cancer therapy
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Antibody–drug conjugates (ADCs) are effective targeted therapeutics but 
are limited in their ability to incorporate less-potent payloads, varied drug 
mechanisms of action, different drug release mechanisms and tunable 
drug-to-antibody ratios. Here we introduce a technology to overcome these 
limitations called ‘antibody–bottlebrush prodrug conjugates’ (ABCs). An ABC 
consists of an IgG1 monoclonal antibody covalently conjugated to the terminus 
of a compact bivalent bottlebrush prodrug that has payloads bound through 
cleavable linkers and polyethylene glycol branches. This design enables the 
synthesis of ABCs with tunable average drug-to-antibody ratios up to two 
orders of magnitude greater than those of traditional ADCs. We demonstrate 
the functional flexibility and manufacturing efficiency of this technology 
by synthesizing more than 10 different ABCs targeting either HER2 or MUC1 
using drugs with potencies spanning several orders of magnitude as well as 
imaging agents for ABC visualization and photocatalysts for proximity-based 
labeling of the ABC interactome. ABCs display high target engagement, high 
cell uptake and improved efficacy in tumor models compared to conventional 
HER2-targeted ADCs, suggesting promise for clinical translation.

Cancer is a leading cause of death worldwide, and although many 
transformative cancer therapies have been developed in recent dec-
ades, the number of cancer deaths continues to increase, motivating 
the search for novel targeted therapies1. Among the targeted therapy 
platforms in development for cancer treatment, ADCs, which con-
sist of a monoclonal antibody (mAb) conjugated to a small-molecule 
drug through a covalent linker, have demonstrated clinical success and 
future potential2–13. More than a dozen ADCs have been approved world-
wide and hundreds of ADCs are in preclinical/clinical development13–18. 

Despite these successes5,19,20, traditional ADCs face inherent limitations 
that may hinder their broader applicability and versatility21,22. The ‘pay-
load scope’ of ADCs is limited to highly potent cytotoxic agents with few 
mechanisms of action (MoAs)—for example, microtubule inhibition and 
DNA damage. As a result, ADCs can display substantial toxicities and 
developed drug resistance23,24, which could be resolved with the use of 
inherently more selective payloads, payload MoAs or payload combina-
tions. Because the payloads of ADCs are directly conjugated to amino 
acid sidechains of the mAb through linkers with limited functionality, 
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with distinct MoAs and two mAbs that target tumor antigens (HER2 and 
MUC1). We show that ABCs can have high target-specific engagement 
and cell uptake with average DAR values up to 135, which leads to higher 
efficacy compared to non-targeted BPDs and clinical HER2-targeted 
ADCs despite having payloads that are up to approximately 100-fold 
less potent. Interactome micromapping experiments, enabled by the 
installation of photosensitizers into ABCs, show that ABCs engage their 
expected antigen targets in vitro. ABCs achieve good tumor regres-
sion with no discernable toxicities in several in vivo efficacy studies 
using HER2+ and MUC1+ cell-line-derived xenograft murine models. 
Moreover, ABCs with SN-38 payloads and a DAR of 60 display improved 
efficacy in a low-antigen-expressing tumor model compared to T-DXd, 
an Enhertu biosimilar with a DAR of approximately 8, at the same mAb 
dose and with a clinically relevant payload dose.

Results
Synthesis of ABCs via a modular ‘click’ chemistry approach
Our strategy for the synthesis of ABCs involves conjugation of a pre-
synthesized BPD to a mAb (Fig. 1c). We recognized the challenges of 
coupling nanoscale objects of similar sizes under the mild conditions 
and low reaction concentrations needed for mAb functionalization. 
Moreover, the chosen conjugation reaction must be compatible with 
BPD synthesis and a wide range of payload and linker compositions. 
‘Click’ chemistry reactions have been developed precisely to tackle 
such challenges38–41. We tested various possible methods for installa-
tion of ‘click’ chemistry-compatible functional groups onto the ends 
of model BPs (lacking payloads and linkers) with polynorbornene 
backbones (number-average degrees of polymerization = 60) and 
PEG sidechains with molecular weights of 3,000 (total bottlebrush 
number-average molecular weight = 200,000) (see supplementary 
information for discussion: Supplementary Schemes 1–4 and Supple-
mentary Figs. 1 and 2). A versatile protocol was identified wherein BP 
synthesis via ring-opening metathesis polymerization (ROMP) of suit-
able macromonomers (Fig. 1d) is quenched by an enyne terminator 
bearing a 6-methyl-1,2,4,5-tetrazine (enyne-PEG12-Tz; Supplementary 
Schemes 3 and 4)42,43, yielding a BP (‘BP-Tz’) with a single tetrazine on 
its backbone end (Fig. 1c and Supplementary Fig. 3). BP-Tz is set up for 
coupling to a trans-cycloctene (TCO)-functionalized mAb via inverse 
electron demand Diels–Alder cycloaddition, one of the most effi-
cient biorthogonal ‘click’ reactions44–46. As a proof of concept, we first 
appended TCOs to serum IgG1 via a lysine amidation reaction to provide 
IgG1-TCO. Notably, mixing BP-Tz and IgG1-TCO together (3:1) in neutral 
PBS at room temperature for 24 hours gave quantitative consumption 
of IgG1-TCO to form conjugates PEG-IgG1 as a mixture of species with 
different numbers of BPs per mAb, as determined by SDS-PAGE gel elec-
trophoresis (Supplementary Fig. 4).

the average number of payloads that can be conjugated per mAb (that is, 
the drug-to-antibody ratio (DAR)) before deterioration of ADC proper-
ties is currently limited to ≤8 (Fig. 1a)10–14,21,22,25–29. Although a higher DAR 
may not always be better from a therapeutic perspective, particularly 
when highly potent payloads are used30, it may be required for ADCs 
to use payloads that are approximately 10–100-fold less potent than 
traditional ADC payloads while maintaining a practical mAb dose (for 
example, all clinically used ADCs so far are given at approximately 
1–10 mg kg−1 doses of mAb).

Accessing tunable and ultra-high DAR values with a well-defined 
molecular system that does not preclude mAb function may allow 
the use of payloads with varied MoAs and antigen targets in a tun-
able, modular fashion. Attachment or encapsulation of payloads into 
polymers or nanoparticles that are then conjugated to antibodies is a 
promising way to achieve this goal (Fig. 1b); however, such designs often 
lack payload and linker versatility due to the surface-exposed nature 
of the payloads, which inextricably link the physical properties of the 
payload–linker to the physical properties of the overall construct31,32. 
A design that facilitates straightforward access to antibody-targeted 
delivery constructs with predictable physical properties regardless 
of payload and linker identity could broaden the landscape for cancer 
therapeutics.

We explored the use of molecular bottlebrush prodrugs (BPDs)33–37  
as a solution to this challenge. BPDs are synthetic polymers with 
mAb-like dimensions (approximately 10-nm diameter and controlled 
length) that feature branched pendants containing a hydrophilic poly-
mer chain (for example, polyethylene glycol (PEG)) and a payload–
linker unit attached to a compact polymer backbone. The PEG chains 
of BPDs shield the payload–linker units, which confers consistent 
physical properties to the BPD regardless of the payload–linker com-
position and backbone length8–11. Moreover, the average number of 
PEG–payload–linker units, which determines the DAR after mAb conju-
gation, can be readily varied from approximately 10–100 by controlling 
the BPD synthesis stoichiometry. Additionally, the microstructure of 
BPDs enables chemical differentiation of the BPD backbone ends from 
the PEG surface, which we leverage here to introduce a single ‘click’ 
chemistry38–41 functional group for high-yielding conjugation to one 
mAb molecule per BPD. In summary, the efficiency of BPD synthesis 
facilitates the use of a wide range of payloads, linkers and antibodies 
to optimize ABCs for different disease contexts35–37.

Here we report the synthesis and evaluation of ABCs in vitro and 
in vivo (Fig. 1c). First, we develop a synthetic method to terminate the 
ends of BPDs with reactive handles for selective and efficient ‘click’ bio-
conjugation to mAbs using either stochastic (Lys) or site-specific (Cys) 
methods (Fig. 1c). Then, we demonstrate the synthesis and in vitro and 
in vivo evaluation of ABCs based on six payload–linker combinations 

Fig. 1 | Construction and in vitro evaluation of ABCs. a, Traditional ADCs 
feature DARs of approximately 2–8. b, ADCs based on linear polymer–drug 
conjugates with drugs distributed on the pendants of hydrophilic polymer 
chains were developed. The surface exposure of payloads and chemical 
heterogeneity in such systems may limit DAR and payload diversity.  
c, Formation of ABCs through ‘click’ conjugation between Ab-TCO and BP-Tz 
enabled by a ROMP terminator (enyne-PEG12-Tz). ABCs comprise a mAb 
covalently conjugated to the end of one or more BPDs (BAR = 1 shown in 
figure), the latter of which has hydrophilic polymer chains (blue; PEG in this 
work), drugs (green) and cleavable linkers (pink) attached to backbone repeat 
units, leading to a compact, homogenous microstructure that enables DAR 
values up to approximately 135 for a wide range of mechanistically distinct 
payloads. d, Chemical structures of the six different dye and drug–linker-
containing macromonomers used in this work. e, Non-reducing SDS-PAGE 
gel comparing ABCs with different payloads. f, Non-reducing SDS-PAGE gel 
for isolated ABCs with different BAR values. g, Binding affinities of various 
HER2-targeted ADCs and ABCs as measured by MST. ABC30-1 refers to an ABC 
with DAR = 30 and BAR = 1. ABC60-1 refers to an ABC with DAR = 60 and BAR = 1. 
Results are presented as mean ± s.e.m. (n = 3 technical replicates). h, In vitro 

characterization of the BT-474 cell-targeting ability of ABCs as measured by 
flow cytometry (25 μg ml−1 ABC, 1-hour incubation, 5% Cy5.5-labeled ABC with 
BAR = 1). The xaxis represents the Cy5.5 fluorescence intensity. i, Cytotoxicity 
assay (MTT) comparing ABC MMAE-HER2 and BPD MMAE-BP after 24-hour 
incubation, showing greater potency for the HER2-targeted ABC. Results are 
presented as mean ± s.e.m. (n = 3 biological replicates). j, Confocal microscopy 
image showing BT-474 cell binding and uptake of Cy5.5-HER2 (50 μg ml−1, 6-hour 
incubation, 1% Cy5.5-labeled ABC). Magenta is Cy5.5; blue is Hoechst staining 
of the nucleus. k, Label-free quantitative proteomics for analyzing the targeted 
interactome of PEG-HER2Ir against an isotype PEG-IgG1Ir ABC on BT-474 cells. 
Three biological replicates were created for each condition. In such constructs, 
the Ir-containing photocatalyst was conjugated to the antibodies (trastuzumab 
or IgG1) via NHS ester–lysine coupling. Then, the PEG-BP was conjugated 
onto these antibodies to provide PEG-HER2Ir and PEG-IgG1Ir ABCs. Previously 
reported interactors of HER2 are identified in burgundy, with dashed lines 
indicating the statistical cutoff of log2(fold change) > 0.5 and −log(Pvalue) > 1.3. 
Normalization was performed via median subtraction, and a volcano plot was 
generated using a t-test for statistical significance. Contaminants were filtered 
manually for image clarity.
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Encouraged by these results, we studied the conjugation of BP-Tz 
to the HER2-targeting mAb trastuzumab, which is currently used as a 
therapeutic mAb (Herceptin) and is the basis of clinically approved 
ADCs such as Kadcyla and Enhertu47. Amidation of trastuzumab with 
TCO gave HER2-TCO (Supplementary Fig. 5), which was subsequently 
coupled to BP-Tz under the same conditions as described above to 
provide BP-HER2, as confirmed by SDS-PAGE (Fig. 1e). Next, we synthe-
sized a Tz-terminated, cyanine-5.5 (Cy5.5) dye-labeled BP (Cy5.5-Tz) and 
three Tz-terminated BPDs with different drugs—paclitaxel (PTX-Tz), 
monomethylauristatin (MMAE-Tz) and SN-38 (SN-38-Tz); SDS-PAGE 
showed consumption of HER2-TCO within 24 hours of exposure to each 
of these constructs (Fig. 1e), providing fluorophore-labeled Cy5.5-HER2 
and ABCs PTX-HER2, MMAE-HER2 and SN-38-HER2, respectively48.

In ABCs, the DAR is determined by the BPD backbone degrees of 
polymerization as well as the average number of BPDs per mAb (herein 
referred to as the ‘BPD-to-antibody ratio’ (BAR)). We hypothesized 
that BAR could be controlled by varying the conjugation reaction 
stoichiometry and that the steric hindrance of coupling a second or 
third bottlebrush to an mAb may favor BAR values of 1 or 2. To test this 
hypothesis, conjugation reactions of BP-Tz to IgG1-TCO and HER2-TCO 
at feed ratios from 1:1 to 4:1 were conducted (Extended Data Fig. 1). 
When a 1:1 ratio of BP-Tz to TCO-mAb was used, the major conjugation 
product had BAR = 1. By contrast, when a 2:1 ratio was used, the mAb 
was consumed and mostly BAR = 1 or BAR = 2 products formed. Further 
increasing the reaction stoichiometry gave higher BAR values. Due to 
size and charge differences between conjugates with zero, one, two or 
three BPs, we could isolate conjugates with majority BAR = 1, 2 or 3 to 
study the effects of BAR on antigen binding (Fig. 1f and Supplementary 
Fig. 6). Dynamic light scattering and cryogenic electron microscopy 
showed that BP-HER2 conjugates were approximately 25 nm in diam-
eter (Supplementary Fig. 7), which is reasonable given the dimensions 
of each BP and mAb (approximately 10–15 nm). We note that, although 
BAR could be controlled using this approach, the exact site of conjuga-
tion to the mAb in these cases is not controlled, as lysine conjugation is 
a stochastic process. To demonstrate that ABC synthesis is compatible 
with ‘site-specific’ mAb conjugation techniques, a similar sequence of 
reactions was carried out using engineered trastuzumab with two reac-
tive cysteine residues (Extended Data Fig. 2 and Supplementary Fig. 8), 
providing site-specifically modified ABCs with BAR = 1 or BAR = 2.

ABCs show targeting and potency in vitro
We investigated ABC–HER2 binding affinity using microscale thermo-
phoresis (MST) and ELISA assays. Unlike protein conjugates based on 
flexible linear polymers, which can lead to sterically occluded protein 
function as molecular weight increases due to folding of the polymer 
around the biomolecule49, the rigid backbones of BPs may provide com-
pact structures that extend away from the mAb50, minimizing impacts 
on mAb function. PEG-HER2 with BAR = 1 and degrees of polymerization 
up to 60 displayed solution binding constants by MST that were not 
significantly different from trastuzumab, TDM-1 (Kadcyla) and T-DXd 
(Enhertu) (Fig. 1g). Similar trends were observed using ELISA assays 
(Supplementary Fig. 9), although the ABCs showed moderately lower 
binding affinities compared to MST, which we attribute to surface occlu-
sion effects inherent to the ELISA assay. Minor reductions in binding 
affinity and the compact, stable BP architecture could facilitate release 
of ABCs from perivascular regions of the tumor periphery and facilitate 
deeper tumor penetration51,52.

Target-mediated uptake of Cy5.5-HER2 into HER2+ BT-474 and 
SKBR-3 cells was investigated using flow cytometry (Fig. 1h and 
Extended Data Figs. 1–3). Conjugates with average BAR ≤ 3 displayed 
similar levels of SKBR-3 uptake after 1 hour, whereas BAR of 4 showed 
significantly less cell uptake. Notably, Cy5.5-HER2 was taken up by 
cells to a more than 100-fold greater extent than non-HER2-targeting 
variant Cy5.5-IgG1 or Cy5.5-BP alone (Fig. 1h). Cy5.5-HER2 uptake was 
also increased in SKOV-3 cells, which are HER2+ despite expressing 

approximately 10-fold less HER2 compared to SKBR-3 (ref. 53) (Extended 
Data Fig. 4a). Uptakes of Cy5.5-HER2 and Cy5.5-BP were similar in HER2− 
MCF-10A cells after different times (10–60 minutes) with varied con-
centrations (100–250 μg ml−1), confirming the importance of HER2 
expression. Confocal fluorescence imaging supported these findings 
(Fig. 1j), with Cy5.5-HER2 showing substantially greater cell surface 
binding and uptake compared to Cy5.5-IgG1 and Cy5.5-BP (Extended 
Data Fig. 3). Furthermore, site-specific cysteine-conjugated Cy5.5-HER2 
ABCs exhibited BT-474 cell uptake similar to the lysine-conjugated 
Cy5.5-HER2 (Extended Data Fig. 2), demonstrating that both conjuga-
tion approaches give ABCs capable of efficient cell uptake.

The in vitro cytotoxicities of MMAE-HER2, SN-38-HER2, PTX-HER2 
and DOX-HER2 were compared to the analogous BPDs lacking trastu-
zumab (Fig. 1i and Extended Data Figs. 3 and 4). ABCs were more potent 
than their corresponding BPDs in HER2+ cell lines SKBR-3, SKOV-3 
and BT-474. For example, MMAE-HER2 and MMAE-BPD exhibited IC50 
values of 7.1 nM and 101.4 nM (Fig. 1i), respectively, after incubation 
for 24 hours with BT-474 cells. In contrast, ABCs and BPDs displayed 
similar potencies after incubation for 24 hours and 72 hours with 
HER2− MCF-10A cells, which agrees well with their uptake behavior 
in these cell lines (Fig. 1j and Extended Data Fig. 4). Furthermore, the 
use of microenvironment mapping (µMap) technology paired with 
PEG-HER2Ir identified the ABC interactome through label-free quanti-
tative proteomic analysis (Fig. 1k and Supplementary Fig. 10)54. µMap 
analysis supports the high-fidelity targeting of the ABC, as HER2 and its 
interactors (including HER3 and PTK7; typical proteins are highlighted 
in Fig. 1k) are well preserved (defined by log2(fold change) > 0.5 and 
P < 0.05) even with the conjugation of the bottlebrush and photocata-
lyst to trastuzumab.

We note that the ester-based linkers used for these ABCs and 
BPDs can be cleaved via hydrolysis (Supplementary Fig. 11), akin to 
the clinical ADC Trodelvy, but their cleavage rates can potentially be 
accelerated in the presence of hydrolase enzymes present in lysoso-
mal compartments36,53; thus, although extracellular hydrolysis likely 
plays a key role in their potencies, these cytotoxicity results suggest 
that antigen-mediated cell uptake augments drug release, leading to 
greater potency within 24 hours than the BPD alone. BPD synthesis 
is compatible with a wide variety of payload linkers34–37,55, including 
peptides that are often used for ADCs56, suggesting ample room for 
ABC linker optimization in the future. Notably, it was recently sug-
gested that the efficacy of Enhertu in low-HER2-expressing tumors is 
due to extracellular drug release, suggesting that both intracellular 
and extracellular drug release play important roles in the efficacy of 
targeted drug conjugates57.

Imaging ABC cell uptake and payload release
The cell uptake and drug release mechanisms of ABCs in BT-474 cells as a 
function of time were investigated using confocal fluorescence micros-
copy (Extended Data Fig. 5a). After a short incubation time (10 minutes; 
Extended Data Fig. 5a, top row), Cy5.5-HER2 was observed to bind to the 
cell surface. Cell surface binding increased substantially over 4 hours, 
with ABCs appearing inside the cells (Extended Data Fig. 5a, second 
row). Most of the ABCs were internalized into endosomal/lysosomal 
compartments after 24 hours and 72 hours (Extended Data Fig. 5a, 
third and fourth rows, and Supplementary Fig. 12).

Next, we prepared ABC SN-38-Cy5.5-HER2, which features releas-
able SN-38 payloads and non-releasable Cy5.5 dyes to enable simul-
taneous therapy and imaging, respectively. Confocal fluorescence 
microscopy imaging studies were conducted with this construct, where 
the intrinsic fluorescence of SN-38 was leveraged to image the payload 
independently of the Cy5.5-labeled ABC. After 4-hour incubation with 
SN-38-Cy5.5-HER2, BT-474 cells were washed to remove unbound ABC, 
and fluorescence signals were collected over time (Extended Data 
Fig. 5b). After 4 hours, the SN-38 signal overlapped with the Cy5.5 signal, 
suggesting that the payload is bound to the ABC (Extended Data Fig. 5b, 
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top row). After 24 hours, the SN-38 signal was still largely co-localized 
with the ABC signal, but substantial amounts of SN-38 appeared in the 
cell nuclei separate from the ABC, consistent with the payload being 
released and transported to the nucleus where SN-38 functions as a 
topoisomerase I inhibitor (Extended Data Fig. 5b, second row). This 
separation of SN-38 from the ABC and transport to the nucleus was 
further enhanced at 72 hours (Extended Data Fig. 5b, third row).

Altogether, these results, combined with µMap results (see above), 
suggest that ABCs function in a manner that mirrors ADCs (Extended 
Data Fig. 6). First, ABCs bind to the cell surface through mAb–antigen 
recognition. Then, bound ABCs are internalized via receptor-mediated 
endocytosis, and the covalently attached drugs are released through 
linker (for example, ester) cleavage. Finally, the drugs escape the 
membrane-encapsulated endosomal/lysosomal vesicles and transport 
to the relevant intracellular location (for example, the nucleus) where 
they can exert their intended function based on their MoA. As noted 
above, cell-surface-bound or unbound ABCs likely also release payload 
extracellularly in the tumor microenvironment, which can contribute 
to the ‘bystander effect’ and improve efficacy in low-antigen-expressing 
tumors57. Extracellular, particularly systemic, release could increase 
the risk of off-target toxicity, which can be mitigated in the future by 
designing cleavable linkers that respond more selectively to triggers 
within the tumor microenvironment4,22,56. Overall, the mechanistic 
information presented in Extended Data Fig. 5 is observable due to the 
versatility of ABC synthesis, where both Cy5.5 and SN-38 were incorpo-
rated into one BPD via co-polymerization. In the future, this strategy 
can be used to enable mAb-targeted combination therapies wherein a 
single ABC could carry a defined number and ratio of multiple payloads.

ABCs show long half-lives and tumor accumulation
Encouraged by the in vitro cell culture results described above, we con-
sidered other aspects of ABC function that will become important for 
their further translation. For example, interactions between the mAb 
Fc domain and the neonatal fragment crystallizable receptor (FcRn) 
play an important role in enhancing the circulation half-life of mAbs and 
ADCs58. FcRn binding assays (Fig. 2a) suggested that ABCs preserve this 
function, with affinities similar to unmodified trastuzumab and other 
HER2-targeted ADCs. Next, we assessed the blood pharmacokinetics 
of Cy5.5-HER2, Cy5.5-IgG1, Cy5.5-BP and Cy5.5-labeled trastuzumab 
(Cy5.5-TmAb) in NCR nude mice after tail vein injection; more than 40% 
injected dose of each ABC and BPD construct was present in circula-
tion after 24 hours (Fig. 2b), and more than 30% remained after 3 days 
(Fig. 2b,c). By contrast, Cy5.5-TmAb was not detectable in blood after 
3 days (Fig. 2c). Ex vivo tissue biodistribution was assessed as a function 
of time after tail vein injection into NCR nude mice bearing subcutane-
ous BT-474 tumors (80 ± 10 mm3). Although Cy5.5-HER2, Cy5.5-IgG1 
and Cy5.5-BP displayed similar biodistribution within 12 hours 
(Extended Data Fig. 7), the HER2-targeted ABC Cy5.5-HER2 showed 
substantially greater tumor accumulation over the course of 36 hours 
and 72 hours compared to the non-targeted controls (Fig. 2d–f).  
By contrast, Cy5.5-TmAb displayed significant accumulation in the 
liver (Supplementary Fig. 13). These results suggest that the extended 
circulation and tumor targeting of ABCs may confer beneficial thera-
peutic effects in vivo. Moreover, they highlight how direct conjugation 
of hydrophobic molecules to mAbs—for example, Cy5.5-TmAb—can 
disrupt mAb function, whereas shifting the hydrophobic payloads to 
BPs can preserve mAb function.

ABCs show in vivo efficacy across broad drug potencies
Next, we turned to investigating the efficacy and safety of ABCs with 
various drugs in murine tumor models. MMAE is one of the most widely 
used drugs for clinical ADCs59; thus, to assess whether ABCs could 
function in vivo, we began our studies using MMAE-based ABCs as 
a model system. Notably, MMAE-HER2 was much more potent than 
MMAE-BP toward HER2+ BT-474 cells in vitro (Extended Data Fig. 8a). 

Thus, we examined ABCs MMAE-HER2 (DAR = 135; BAR = 3), MMAE-IgG1 
(DAR = 135; BAR = 3; non-HER2-targeted ABC) and MMAE-BP (BPD only) 
and saline controls in vivo using a BT-474 mouse xenograft model. Each 
construct was administered via tail vein injection into mice (n = 4 per 
group) bearing subcutaneous BT-474 tumors once weekly for 4 weeks 
(5 mg kg−1 mAb or 1.7 mg kg−1 MMAE per dose). This antibody dose was 
selected for consistency with reported preclinical ADC efficacy stud-
ies and following common clinical dosing of ADCs (approximately 
1–10 mg kg−1)30,60. The tumors in the control group grew continuously 
over the course of 40 days (Fig. 3a and Extended Data Fig. 8b), and the 
non-targeted controls MMAE-IgG1 and MMAE-BP significantly retarded 
tumor growth, presumably via passive tumor accumulation through the 
enhanced permeability and retention effect61. MMAE-HER2 displayed 
superior tumor regression as determined by tumor volume, ex vivo 
tumor weight and histopathologic evaluation of the xenograft site 
where no tumor cells were visible (Fig. 3c and Extended Data Figs. 8c 
and 9). Body weight measurements suggested that all the constructs 
were well tolerated at the doses given (Fig. 3b). Moreover, histopatho-
logic evaluation of major organs (heart, lung, liver, spleen and kidney) 
revealed no signs of toxicity (Extended Data Fig. 9).

Although the above study was encouraging, the ultra-high DAR 
of MMAE-HER2 leads to a drug dose that is substantially greater than 
the doses of MMAE in ADCs given to patients in the clinic. Thus, we 
sought to investigate less potent payloads, which would potentially 
benefit more from the ultra-high DAR of these ABCs while maintain-
ing clinically relevant drug doses. Similar studies were conducted 
using SN-38-HER2. SN-38 is given in prodrug form (irinotecan) in 
the clinic, it is the payload in the clinical ADC sacituzumab govitecan 
(Trodelvy)27,28 and it represents a much broader class of popular topoi-
somerase I inhibitor ADC payloads, including DXd. For comparison 
in vitro, we also prepared an ADC, SN-38-ADC, with SN-38 (DAR = 2.5) 
and trastuzumab as the targeting moiety, using a similar ester linker. 
In vitro cytotoxicity studies showed that the ABC HER2-SN-38 exhibits 
significantly higher potency when normalized to the antibody concen-
tration (Supplementary Fig. 14), as expected due to the larger drug 
dose. Then, mice (n = 6) bearing BT-474 tumors were given SN-38-HER2 
and the non-targeted analogs SN-38-IgG1 and SN-38-BP (5 mg kg−1 
mAb; 1.1 mg kg−1 SN-38) via tail vein injection twice weekly for seven 
total doses. SN-38-HER2 displayed superior tumor regression (Fig. 3d 
and Extended Data Fig. 8d) and led to 100% survival (Fig. 3f ) after 
280 days. In contrast, the mice in the control and non-trastuzumab 
groups displayed substantial tumor growth (Fig. 3d) and similarly 
poor survival outcomes (Fig. 3f). The constructs were well tolerated 
as determined by body weight measurements (Fig. 3e). Notably, the 
drug doses used here are similar to those used clinically for SN-38 
prodrugs such as irinotecan.

Encouraged by these studies, we next investigated ABCs with 
doxorubicin (DOX) as the payload. DOX is a topoisomerase II poison 
used clinically in liposomal and free drug forms for various solid and 
liquid cancers; its low potency (approximately 10-fold less than SN-38 
and approximately 100-fold less than MMAE) makes it a poor candidate 
for traditional ADCs, and attempts to use it in this context failed10,62. 
For example, the DOX-based ADC BR-96 was given at very high doses 
of 700 mg m−2 (approximately 17.3 mg kg−1) of mAb in the clinic62. Such 
high doses can potentially lead to diminishing therapeutic returns63 
and a narrow therapeutic window. To maintain the 1–10 mg kg−1 mAb 
dose used for ADCs in the clinic today while also enabling much less 
potent payloads such as DOX, a higher DAR could be advantageous 
(Supplementary Fig. 15). BT-474 tumor-bearing mice (n = 6) given 
DOX-HER2 (5 mg kg−1 mAb; 1.9 mg kg−1 DOX) once per week for 4 weeks 
showed no visible tumor at the xenograft site (Fig. 3g,i and Extended 
Data Fig. 8e–g); non-targeted DOX-IgG1 and DOX-BP showed no effi-
cacy at the same doses. Here again, the constructs were well-tolerated 
(Fig. 3h) at the doses given, which are similar to the clinical doses of 
free DOX.
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Efficacy comparison between ABCs and clinical ADCs
Having shown that HER2-targeting ABCs outperform their non-targeting 
IgG1-based ABCs and BPD counterparts, we proceeded to benchmark 
them against commercially available ADCs47. First, we compared the 
single-dose efficacy of ABCs MMAE-HER2, SN-38-HER2, DOX-HER2 and 
PEG-HER2 (that is, no payload) to Kadcyla (T-DM1; payload: mertansine 
(DM1); DAR = 3.8) at the same antibody dose (5 mg kg−1) using the BT-474 
model described above. Although PEG-HER2 displayed some efficacy, 
presumably due to HER2 antagonism analogous to Herceptin, each 
payload-containing ABC and T-DM1 performed much better (Fig. 4a). 
Tumor volume comparisons after 40 days revealed that, although the 
ABCs displayed a clear efficacy–payload potency trend, all three ABCs 
exhibited superior efficacy compared to Kadcyla (Fig. 4b,c); ex vivo 
images (Fig. 4d) and tumor mass (Figs. 4e,f) measurements generally 
supported these results. We attribute the performance of DOX-HER2, 
which has a much less potent (approximately 100×) payload compared 
to Kadcyla, to its high DAR, which allows administering the same mAb 
dose while achieving an effective payload dose.

Encouraged by these findings, we next compared an SN-38-HER2 
ABC (BAR = 1; DAR = 60; this construct was selected to further lower 
the dose of SN-38 compared to the study described above) and the 
ADC T-DXd (payload: DXd; DAR = 7.7), a biosimilar of the drug Enhertu 
that also uses a topoisomerase I inhibitor payload (DXd). In the high 
HER2+ BT-474 tumor model with initial tumor sizes of approximately 

200 mm3, both constructs displayed efficacy (Fig. 4g); however, in an 
orthotopic tumor model with very low HER2 expression (HCC-70 (ref. 
64); 5 mg kg−1 antibody for each construct given every 10 days for three 
total doses), SN-38-HER2 displayed superior efficacy compared to 
T-DXd (Fig. 4h). We attribute this performance to the ultra-high DAR 
of SN-38-HER2, which delivers a greater number of topoisomerase I 
inhibitor drug molecules to the tumor after either antigen-mediated 
uptake or extracellular release57 when given at the same mAb dose. 
Here again, all the constructs were well tolerated at the doses given 
(Supplementary Fig. 16), which are again within the range of clinical 
doses of SN-38 prodrugs.

ABCs enable targeted protein degradation using a 
proteolysis-targeting chimera
Given the therapeutic efficacy demonstrated by ABCs with payloads 
from a diverse range of drugs that are used in clinical ADCs (MMAE and 
SN-38) or given as free drugs in the clinic (DOX), we set out to apply ABCs 
for the targeted delivery of a potential next-generation payload class: 
proteolysis-targeting chimeras (PROTACs)65–68. Although PROTACs 
have garnered a great deal of attention in recent years, their physical 
properties and pharmacokinetic limitations have necessitated the use 
of frequent, high doses (for example, daily doses of 10–100 mg kg−1) to 
achieve in vivo efficacy in murine models69–72 and have posed substan-
tial translational challenges65–68. Antibody conjugation (for example, 

0

2 × 109

4 × 109

6 × 109

8 × 109

1 × 1010

C
y5

.5
 s

ig
na

l (
a.

u.
/m

g)

0

2 × 109

4 × 109

6 × 109

8 × 109
C

y5
.5

 s
ig

na
l (

a.
u.

/m
g)

Cy5.5-HER2

Cy5.5-IgG1

Cy5.5-BP

0

10

20

30

40

50

0 15 30 45 60 75
0

50

100

150

Time (h)

PBS

Cy5
.5-H

ER2

Cy5
.5-Ig

G1

Cy5
.5-BP

Cy5
.5-BP

Brai
n

Musc
le

Heart
Lu

ng
Liv

er

Kidney

Spleen

Tu
mor

Cy5
.5-H

ER2

Cy5
.5-Ig

G1

Cy5
.5-BP

Cy5
.5-Ig

G1

Cy5
.5-H

ER2

Cy5
.5-Tm

Ab

In
je

ct
ed

 d
os

e 
(%

)

In
je

ct
ed

 d
os

e 
(%

)

Cy5.5-BP

Cy5.5-IgG1

Cy5.5-HER2

1 10 100 1,000 10,000

0

0.5

1.0

mAb concentration (µg ml–1)

N
or

m
al

iz
ed

 lu
m

in
es

ce
nc

e aHER2

T-DM1

T-DXd

aHER2-TCO

ABC60-1

ABC60-2

~1%

Brain

Muscle

Heart

Lung

Liver

Kidney

Spleen

Tumor

b c

d e

P = 0.0014 **

a

f

P = 0.0044 **

Epi-
fluorescence

1.0

0.8

0.6

0.4

0.2

×10
9

Fig. 2 | Pharmacokinetics and biodistribution of ABCs. a, FcRn binding assay 
comparing HER2-targeted ABCs to trastuzumab (aHER2) and ADCs T-DM1 and 
T-DXd. ABC60-1 refers to an ABC with DAR = 60 and BAR = 1. ABC60-2 refers to 
an ABC with DAR = 60 and BAR = 2. b, Blood PK studies comparing BPD Cy5.5-BP, 
non-HER2-targeted Cy5.5-IgG1 and Cy5.5-HER2 as assessed by fluorescence 
imaging of blood samples (n = 3 biological replicates). c, Total percentage of 
injected dose in blood 72 hours after injection of each construct, as assessed by 
fluorescence imaging (n = 3 biological replicates). d, Ex vivo images of different 
organs and tumors of mice bearing subcutaneous BT-474 tumors 72 hours 

after administration of each construct. Only HER2-targeted Cy5.5-HER2 shows 
selective tumor accumulation over this timescale. e, Quantitative BD results 
obtained via fluorescence quantification 72 hours after administration to mice 
bearing subcutaneous BT-474 tumors (n = 3 biological replicates). f, Zoomed-in 
BD results for tumor tissue fluorescence signal 72 hours after injection. Results 
are presented as mean ± s.e.m. (n = 3 biological replicates). Statistical analysis 
was done using a two-tailed t-test. For these statistical tests, ‘**’ denotes P < 0.01. 
BD, biodistribution; PK, pharmacokinetics.
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PROTAC-based ADCs) could potentially overcome these challenges 
by imparting improved pharmacokinetics and enhancing target cell 
uptake73. Here, we selected ARV771 to test this idea, as it is one of the 
most extensively studied PROTACs, degrading bromodomain and 
extra-terminal (BET) motif proteins responsible for regulating gene 
expression, ultimately leading to cell death. The Von Hippel–Lindau 
(VHL) protein binding moiety of ARV771 features a hydroxyl group 
conducive to facile linker conjugation. Thus, following the same 
general strategy outlined above, we prepared ABC ARV771-HER2 
(DAR = 135; BAR = 3; Supplementary Fig. 17a) and its non-targeted 
analogs ARV771-IgG1 and ARV771-BP. ARV771-HER2 displayed greater 
potency in vitro after 48-hour incubation compared to its non-targeted 
ARV771-BP (Supplementary Fig. 17b), and its MoA of BRD4 degradation 
was confirmed, although higher doses of ABC compared to ARV771 were 
needed to achieve similar BRD4 degradation in vitro due to the slow 
release of ARV771 from the ABC (Supplementary Fig. 17c). We then com-
pared the efficacy of ARV771-HER2 to its non-targeted counterparts, 
ARV771 alone and a related PROTAC, ARV825, that leverages cereblon 
rather than VHL to achieve BRD4 degradation, using the BT-474 tumor 

model (Fig. 5a). Each construct was given via tail vein injection once 
weekly for 3 weeks (5 mg kg−1 mAb; 3 mg kg−1 ARV771), and all were 
well tolerated at this dose (Fig. 5b); however, only ABC ARV771-HER2 
displayed efficacy in this model at this dose (Fig. 5a,c), leading to nearly 
complete disappearance of the tumor at the xenograft site (Fig. 5d,e), 
whereas the non-targeted constructs displayed no substantial efficacy. 
These results suggest that ABCs could facilitate infrequent, low dosing 
of PROTACs to substantially improve their efficacy in vivo.

ABCs are compatible with other mAbs for targeting
Finally, we sought to demonstrate the modularity and scope of ABCs 
beyond HER2 targeting. MUC1 was selected as a potential target. MUC1 
is overexpressed in diverse cancer types, including ovarian, lung and 
breast cancers74, and it currently ranks as the second most promis-
ing antigen among 75 candidates according to the National Cancer 
Institute75. Here, Cy5.5-BP, MMAE-BP and PTX-BP were conjugated to 
a TCO-functionalized anti-MUC1 mAb following the same protocols 
used above for trastuzumab conjugation to BPDs, giving MUC1-targeted 
ABCs Cy5.5-MUC1, MMAE-MUC1 and PTX-MUC1 (DAR ≈ 135; BAR ≈ 3; 
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Fig. 3 | Efficacy and safety of ABCs incorporating diverse payloads with 
different potencies in HER2+ BT-474 tumor-bearing mice. Tumor volumes 
versus time (a), body weights versus time (b) and tumor weight measurements 
after 40 days (c) for mice given MMAE-based constructs (5 mg kg−1 mAb or 
1.7 mg kg−1 MMAE per dose). Mice were dosed once a week for a total of four 
doses as illustrated via green arrows in a (n = 4 mice per group). Tumor volumes 
versus time (d), body weights versus time (e) and survival curves (f) for mice 
given SN-38-based constructs (5 mg kg−1 mAb or 1.1 mg kg−1 SN-38 per dose). Mice 

were dosed twice a week with a total of seven doses (dose schedule is illustrated 
in Extended Data Fig. 8d) (n = 6 mice per group). Tumor volumes versus time 
(g), body weights versus time (h) and tumor weight measurements after 40 days 
(i) for mice given DOX-based constructs (5 mg kg−1 mAb or 1.9 mg kg−1 DOX per 
dose). Mice were dosed once per week for a total of four doses as illustrated 
by the green arrows in g (n = 6 mice per group). Results are presented as 
mean ± s.e.m. Statistical analysis was done using a two-tailed t-test. For these 
statistical tests, NS denotes non-significant; *P < 0.05; **P < 0.01.
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Supplementary Fig. 18a). Cy5.5-MUC1 exhibited approximately 100× 
improved cell engagement (MUC1+ CAOV-3 ovarian cancer cells) by flow 
cytometry compared to non-targeted controls (Supplementary Fig. 18b), 
whereas PTX-MUC1 and MMAE-MUC1 displayed greater potency in vitro 
after 48-hour incubation compared to non-targeted controls (Supple-
mentary Fig. 18c,d). Moreover, Cy5.5-MUC1 displayed greater CAOV-3 
tumor accumulation in vivo as determined by ex vivo imaging (Fig. 6a).

Encouraged by these results, we studied the efficacy of MMAE- 
MUC1 in NCR nude mice bearing subcutaneous CAOV-3 tumors 
(3.75 mg kg−1 mAb; 1.28 mg kg−1 payload; given every 7 days for four 
total doses). Like the findings shown above for HER2-targeted ABCs, 
MMAE-MUC1 substantially outperformed its non-targeted counter-
parts, leading to no visible tumor at the xenograft site over 60 days 
while being well tolerated (Fig. 6b–f).
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Fig. 4 | Efficacy of HER2-targeted ABCs with different payloads and commercial 
HER2-targeted ADCs T-DM1 and T-DXd in high and low HER2 tumors. a, Tumor 
volumes versus time for MMAE, SN-38 and DOX-based ABCs compared to T-DM1 
and a non-payload-containing PEG bottlebrush–trastuzumab conjugate, PEG-
HER2, in HER2+ subcutaneous BT-474 tumor-bearing mice. When tumor volumes 
reached approximately 100 mm3, mice were randomized into treatment and 
control groups (5 mg kg−1 mAb per dose; mice were dosed on day 0 as illustrated by 
the green arrow on the x axis; n = 5 mice per group). b, Tumor volumes after 40 days 
for all groups. A1, B1, C1 and D1 are the statistical analyses with the control group; 
A1: P = 0.0075 (**), B1: P = 0.0052 (**), C1: P = 0.0052 (**), D1: P = 0.0062 (**). A2, 
B2, C2 and D2 are the statistical analyses with the PEG-HER2 group; A2: P = 0.0194 
(*), B2: P = 0.0097 (**), C2: P = 0.0099 (**), D2: P = 0.0137 (*). c, Zoomed-in view 
of tumor volumes for payload-containing ABCs and T-DM1, showing that ABCs 
display payload-potency-dependent efficacy and improved efficacy for all 
payloads compared to T-DM1. d, Ex vivo image of tumors from each group at day 
40. e, Tumor weight measurement after 40 days for all groups. A1, B1, C1 and D1 are 
the statistical analyses with the control group; A1: P = 0.0027 (**), B1: P = 0.0016 (**), 

C1: P = 0.0017 (**), D1: P = 0.0023 (**). A2, B2, C2 and D2 are the statistical analyses 
with the PEG-HER2 group; A2: P = 0.094 (NS), B2: P = 0.0432 (*), C2: P = 0.0473 (*), 
D2: P = 0.0757 (NS). f, Zoomed-in view of tumor volumes for payload-containing 
ABCs and T-DM1, showing that ABCs display payload-potency-dependent efficacy 
and improved efficacy for all payloads compared to T-DM1. g, Tumor volumes 
versus times for BT-474 tumor-bearing mice after a single dose of SN-38-HER2, 
non-targeted SN-38-IgG1 or T-DXd. Once tumor volumes reached approximately 
175 mm3, mice were randomized into treatment and control groups. Mice were 
given a single dose (5 mg kg−1 mAb) of each construct intravenously at day 0  
(n = 5 mice per group; control group: n = 4). h, Tumor volumes versus times for 
NCR nude mice bearing orthotopic, low-HER2-expressing HCC-70 tumors after 
injection of SN-38-HER2 or T-DXd (n = 8 mice per group). At tumor volumes of 
approximately 100 mm3, mice were randomized into treatment and control 
groups. Mice were administered each construct intravenously once every 10 days 
for three total doses as indicated by the green arrows. Results are presented as 
mean ± s.e.m. Statistical analysis was done using a two-tailed t-test. For these  
statistical tests, NS denotes non-significant; *P < 0.05; **P < 0.01; ***P < 0.001.
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Discussion
We present ABCs that enable the modular synthesis of targeted cancer 
therapeutics. ABCs are synthesized through a BPD termination reaction 
that installs one ‘click’ chemistry functional handle onto the BPD chain 
end; subsequent bioconjugation using either stochastic or site-specific 
reactions provides a convenient strategy to generate ABCs with differ-
ent drug compositions and targeting agents, as demonstrated herein 
using multiple payloads and two different targeting mAbs. ABCs show 
efficacy in vivo with traditional ADC payloads (for example, MMAE and 
SN-38) and drugs with MoAs that have not yet been successfully used in 
clinical ADCs (for example, DOX and ARV771). ABC synthesis facilitates 
rapid, consistent manufacturing, as demonstrated here for different 
drugs, combinations of drugs and imaging agents (for example, SN-38 
and Cy5.5) and antigen targets (HER2 and MUC1). Moreover, selected 
ABCs display superior efficacy in murine models compared to clinical 
ADCs with no observable toxicities. Given the modularity of ABC manu-
facturing, we expect that it will be possible to extend these concepts to 
payload combinations and alternative targeting agents, such as small 
molecules, peptides or even cells, in the future76.

Because ABCs move the payloads from the antibody surface onto 
the backbone of the BPDs, they introduce several features compared 
to standard ADCs, but they also raise questions. For example, in con-
trast to ADCs, which are limited to DARs of approximately 8 due to 
the inherent functionality of mAbs, ABCs can achieve 1–2 orders of 
magnitude greater DAR values. Traditionally, higher DARs can lead 
to deterioration of ADC physical properties, and, as a result, hav-
ing a higher DAR does not necessarily translate to improved ADC 
function77. ABCs allow for access to ultra-high DARs with potentially 
reduced impacts on physical properties, thereby opening access to 

regimes of payload diversity for targeted therapeutics. For example, 
we propose that for low-potency payloads—that is, payloads that 
are approximately 10–100-fold less potent than current ADC pay-
loads, which represent the majority of small-molecule anticancer 
drugs—increasing DAR may be the only way to practically utilize such 
payloads by compensating for their lower per-payload potency. Thus, 
being able to access ultra-high DAR values could facilitate the use of 
a broader landscape of drugs in the ABC context, including payloads 
with improved therapeutic windows imparted by their MoA. In the 
future, combining mAb-based surface antigen targeting, which creates 
a therapeutic window through cell-selective delivery, with MoA-driven 
payload targeting, where the therapeutic window is generated through 
targeting of biological pathways that drive disease, may enable more 
effective and safer cancer therapies by leveraging both biological and 
pharmacological selectivity. Nevertheless, these potential benefits 
of ABCs raise questions, such as how the BPD will potentially impact 
the safety, biodistribution and pharmacokinetic properties of ABCs 
compared to ADCs and other delivery systems as they progress toward 
clinical applications. BPDs are designed to achieve tunable, high DARs 
while staying as compact as possible and by presenting PEG sidechains 
that may confer pharmacokinetic and safety advantages. Moreover, 
BPs have been shown to display advantageous pharmacokinetic and 
tissue penetration properties when compared to spherical or linear 
counterparts of similar molecular weight78–80. Nevertheless, ABCs 
are larger than ADCs, which may alter their pharmacokinetics and 
biodistribution. If necessary, smaller PEG sidechains can be used to 
further compress the BPD size, although, at some point, the beneficial 
‘shielding’ of the payload and linker sidechains may be compromised if 
these sidechains are too short. Other translational questions, such as 
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Fig. 5 | Efficacy and safety of ABCs incorporating the PROTAC payload ARV771 
in HER2+ BT-474 tumor-bearing mice. Tumor volumes versus time (a), body 
weights versus time (b), tumor volumes at day 30 (c), ex vivo images of tumors 
at day 30 (d) and tumor weight measurements at day 30 (e) for mice bearing 
subcutaneous BT-474 tumors. Once tumors reached approximately 100 mm3, 
mice were randomized into treatment and control groups. Mice were given each 
PROTAC construct intravenously once per week for three total doses, as indicated 

by the green arrows in a (n = 5 mice per group). Note that two PROTACs were 
tested as free drugs, ARV771 and ARV825, for comparison to ABC ARV771-HER2. 
At the doses given, the free PROTACs and non-targeted controls are not effective, 
whereas ARV771-HER2 leads to near tumor eradication. Results are presented 
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long-term clearance and immunogenicity of ABCs, must be examined, 
although we are encouraged by the fact that PEGylated therapeutics 
are widely used in the clinic, and BPs and BPDs have been shown to 
be safe and non-immunogenic in various preclinical assays81. Moreo-
ver, the PEG chains of BPDs can be exchanged for other hydrophilic, 
non-immunogenic components, such as polyoxazolines82, and back-
bone degradability to facilitate tissue clearance can be built into BPD 
constructs through simple co-polymerization reactions83; investigat-
ing the impacts of such compositional changes on ABC function will 
guide the future of ABC design. Additionally, questions related to pay-
load–linker release deserve further detailed investigation in the future. 
In the present study, we leveraged ester-based functional groups as 
cleavable linkers in ABCs, which function through a combination 
of hydrolysis and potential accelerated cleavage upon cell uptake. 
Although such linkers are viable for ADC development, as demon-
strated with Trodelvy, most clinical ADCs utilize peptide-based linkers 
that display improved serum stability. Although it is straightforward 
to incorporate peptide-based linkers into BPDs as well56, their impact 
on ABC function and comparison to the ester-based linkers reported 
here have not yet been investigated; identifying combinations of 
linkers and payloads that combine good serum stability with rapid 
release upon cell uptake will be a continued avenue of investigation.

Online content
Any methods, additional references, Nature Portfolio reporting 
summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of 
author contributions and competing interests; and statements of 
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Methods
ABC conjugation and purification
ABCs were prepared by incubation of BP-Tz and Ab-TCO at different 
ratios in PBS at room temperature for 24 hours. The synthesis details 
of the BT-Tz and Ab-TCO are described in Supplementary Information 
Section 2. The conjugation was monitored by SDS-PAGE. ABCs were 
purified by fast protein liquid chromatography (FPLC) with a cationic 
exchange column or size exclusion column. The details for ABC puri-
fication through FPLC are described below. The crude reaction mix-
tures were filtered through sterile 0.2-μm filters. FPLC analyses were 
performed on a Bio-Rad NGC Quest 10 Plus system with Bio-Rad ENrich 
SEC 70 or SEC 650 columns at a flow rate of 1 ml min−1 with 1× PBS buffer 
as the mobile phase and a Cytiva HiTrap SP HP cationic exchange col-
umn (5 ml) attached separately at a flow rate of 5 ml min−1 with 0.02 M 
acetate buffer (pH 4.5) as the mobile phase. Finally, the conjugates 
were concentrated, and the salt was removed by ultracentrifugation 
with molecular weight cutoff = 10,000.

Descriptions of assays used for ABC characterization
Payload release assay. Stock solutions of macromonomers were pre-
pared in PBS at 5 mg ml−1. Aliquots of 100 µl of these solutions were then 
added to 2 ml liquid chromatography–mass spectrometry (LC–MS) 
vials. The vials were incubated at 37 °C in an oven. At predetermined 
timepoints, one vial was removed from the oven and allowed to cool to 
room temperature. Then, 100 µl of DMSO was added, and the resulting 
sample was analyzed by LC–MS.

SDS-PAGE gel. Samples were mixed with 4× non-reducing loading 
buffer. Specifically, 9 µl of each sample (mAb, crude or purified ABCs) 
was mixed with 3 μl of loading buffer, and each sample was loaded on 
an acrylamide gel for gel electrophoresis.

ELISA assays. ELISA assays were performed using 96-well plates coated 
with tag-free Human HER2 (ACROBiosystems) at 1 µg ml−1 (100 µl per 
well) in coating buffer (pH 9.4 bicarbonate buffer; Thermo Fisher Scien-
tific). Samples were incubated for 1 hour, with the highest concentration 
being 40 µg ml−1. Blocking solution was 2% BSA in 0.05% Tween 20 in TBS 
(pH 7.4) (Thermo Fisher Scientific); washing solution was 0.05% Tween 
20 in TBS (pH 7.4); antibody and sample buffer were 0.5% BSA in 0.05% 
Tween 20 in TBS (pH 7.4); detection antibody was Peroxidase AffiniPure 
Goat Anti-Human IgG ( Jackson ImmunoResearch); substrate solution 
(Thermo Fisher Scientific) was used following the manufacturerʼs pro-
tocol (mix equal volumes of the TMB solution and the peroxide solution); 
and 2 M H2SO4 was used as stop solution. Data were acquired using a 
Tecan M200.

MST binding assays. MST assays were performed on a Monolith instru-
ment (NanoTemper) following the manufacturer’s protocol (https://
www.qd-taiwan.com/products/nanotemper.html). The highest con-
centration of sample used was 250 nM. The fluorescent HER2 was 
generated using His-Tag Human HER2 (ACROBiosystems) and the corre-
sponding His-Tag labeling kit RED-tris-NTA (NanoTemper). The labeling 
reaction was done in PBS, and the incubation time was 30 minutes.

FcRn binding assays. FcRn assays were performed using the Lumit 
FcRn Binding Immunoassay (Promega) following the manufacturer’s 
protocols. Sample pH was adjusted to 6.0, and the control antibody 
standards covered an IgG concentration range of 0.004–4,000 µg ml−1 
(pre-dilution). Then, 25 µl of Tracer-LgBiT solution, 25 µl of control 
antibody or sample and 50 µl of hFcRn-SmBiT solution were added into 
the wells of a white 96-well plate sequentially. The plate was covered 
with a plate seal and mixed gently on a plate shaker (300–400 r.p.m.) 
for 45 minutes at room temperature. Next, 3 ml of FcRn assay buffer and 
60 µl of Lumit FcRn detection substrate A were mixed into a reservoir 
to create Lumit FcRn detection reagent. Then, 25 μl of Lumit FcRn 

detection reagent from the reservoir was added to each plate well. The 
plate was incubated at room temperature for 5 minutes, after which 
the plate was read on a Tecan M200 luminometer to acquire the data.

Cell studies
Cell culture. BT-474 (clone 5), SKBR-3, SKOV-3, MCF-10A, HCC-70 and  
CAOV-3 cells were cultured and used in the present work. BT-474 cells 
were grown in RPMI 1640 supplemented with 5% FBS, 100 U ml−1penicillin, 
100 μg ml−1 streptomycin and 2 mM L-glutamine and incubated in a 
humidified 37 °C, 5% CO2 incubator. SKOV-3, MCF-10A, CAOV-3 and HCC-
70 cells were grown in DMEM:F12 media supplemented with 5% FBS, 
100 U ml−1 penicillin, 100 μg ml−1 streptomycin and 2 mM L-glutamine and 
incubated in a humidified 5% CO2 incubator at 37 °C. SKBR-3 cells were 
grown in McCoy’s media supplemented with 10% FBS, 100 U ml−1 penicillin 
and 100 μg ml−1 streptomycin and grown at 37 °C in a 5% CO2 incubator.

Flow cytometry. To evaluate selective cell targeting abilities, Cy5.5 
(1% or 5%) dye-labeled materials (BPD, control ABC or ABC) were used 
for fluorescence. Different cells (BT-474, SKBR-3, SKOV-3, MCF-10A 
and CAOV-3) were treated with BPD, control ABC or ABC at different 
concentrations in 0.2 million cells in 0.2 ml of media at 37 °C in a 5% 
CO2 incubator. The cells were then washed twice with PBS, stained with 
Zombie Yellow, washed and resuspended in fluorescence-activated cell 
sorting (FACS) buffer. The samples were then subjected to flow cytom-
etry on a BD FACSymphony A3, and the data collected were analyzed 
on a FACSDiva (version 9.0) and with FlowJo (version 10.9) software. 
A representative FACS gating strategy for flow cytometry analysis is 
shown in Supplementary Fig. 19.

Cytotoxicity assays. Different cells (including MCF-10A, SKOV-3, 
SKBR-3, BT-474 and CAOV-3) were seeded into 96-well tissue culture 
plates at a density of 15,000 cells per well per 100-μl sample and incu-
bated at 37 °C. After 24 hours, the culture media were replaced, and 
the cells were treated with different concentrations of ABCs, controls 
or BPD samples in 100 μl of media (10-μl sample solution with differ-
ent concentrations + 90 μl of medium). At the desired time interval 
(24 hours, 48 hours, 72 hours or 5 days), the medium was removed, and 
the cells were cultured in 100 μl of 10% MTT (5 mg ml−1) in a medium 
solution for another 4 hours. Then, the solution was discarded, and 
the remaining crystals were dissolved in 100 μl of DMSO. The solu-
tion was subjected to absorbance measurement with SpectraMax M3 
at 590 nm. Cell death was measured by the MTT assay in triplicate. To 
enhance targeting efficiency, cytotoxicity assays can be performed by 
incubating cells with samples for a specific period (for example, several 
hours to 1–2 days), followed by replacing the drug-containing media 
with fresh media and continuing incubation for an additional 2–4 days.

Confocal microscopy. Cell internalization studies were per-
formed with BT-474 cells, seeded at 150,000 cells per milliliter in 
glass-bottomed Petri dishes and cultured for 24 hours at 37 °C in a 5% 
CO2 incubator. Cells were washed three times with PBS buffer and incu-
bated with 1 ml of media containing ABC, BPD or control ABC with differ-
ent concentrations at 37 °C for different times (for example, 10 minutes, 
30 minutes or 4 hours). Then, the media were replaced with fresh stock, 
and the cells were further incubated at different times (for example, 
0 hours, 24 hours and 72 hours). Afterwards, the cells were washed 
three times with PBS buffer. Then, the cell nucleus was stained with 
or without Hoechst 33342 (8 μM), and the cell membrane was stained 
with CellMask Green for confocal laser scanning microscopy (CLSM) 
analysis. In addition, for the drug release experiment, SN-38-HER2 ABC 
was incubated with the precultured cells in glass-bottomed Petri dishes 
for 4 hours. Then, the media were replaced with fresh stock, and the 
cells were incubated at different times (for example, 0 hours, 24 hours 
and 72 hours) for CLSM analysis. Live-cell imaging was performed using 
a Nikon Spectral A1R confocal microscope.
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Proteomics studies. Labeling reagents and iridium photocatalyst- 
conjugated ABC generation. Biotin–PEG3–diazirine probe and Ir-G3 
DBCO photocatalyst were prepared as previously described84,85. The 
Ir-G3 DBCO catalyst was conjugated to either trastuzumab or IgG1 pre-
functionalized with NHS–PEG3–azide (BroadPharm, BP-21605) using 
previously described methods85. Then, the surfaces of the Ir-conjugated 
antibodies were modified with TCO functionality through the reac-
tion with TCO–PEG12–NHS according to Supplementary Informa-
tion Section 2.4. PEG-based BP-Tz (degrees of polymerization = 60) 
was conjugated onto these antibodies for PEG-HER2Ir or PEG-IgG1Ir 
ABCs. These ABCs were purified by FPLC according to Supplementary  
Information Section 2.5.

µMap proximity labeling with ABCs. BT-474 cells were seeded onto 
10-cm dishes with three biological replicates for each condition and 
grown to approximately 90% confluency on the day of labeling. Cell 
media were gently aspirated, and dishes were then rinsed (0.5 m) 
and then incubated (1 ml) with 0.05% trypsin-EDTA (Thermo Fisher 
Scientific, 23500054) until cells detached from dishes. Cells were 
resuspended in complete media and transferred to 15-ml conical cen-
trifuge tubes (Olympus Plastics, 28-101). Samples were centrifuged 
at 400g for 3 minutes at 4 °C in a Sorvall Legend XTR (Thermo Fisher 
Scientific, 75004521). The supernatant was gently aspirated, and cells 
were resuspended in 1 ml of ice-cold DPBS (Thermo Fisher Scientific, 
14190144) and transferred to 1.5-ml Axygen Maxymum Recovery tubes 
(MCT-150-LC). Cell suspensions were centrifuged using the same con-
ditions and resuspended in 1 ml of fresh, ice-cold DPBS. Samples were 
then incubated with 5 µg of either PEG-HER2Ir or PEG-IgG1Ir and incu-
bated in the dark with rotation at 4 °C for 1 hour. Samples were then 
centrifuged and washed three times in 1 ml of ice-cold DPBS before 
being resuspended in 1 ml of ice-cold 250 µM Biotin–PEG3–diazirine 
in DPBS. Samples were incubated in the dark with rotation at 4 °C for 
10 minutes and then irradiated at 4 °C with M2 photoreactors (Acceled; 
outfitted with a 450-nm LED plate, 100% intensity, corresponding to 
an output of 2.2 W). Samples were then washed two times in 1 ml of 
ice-cold DPBS. Samples were then lysed and prepared for proteomics 
as previously detailed86.

MS-based proteomics and data analysis. Label-free, data-independent 
acquisition (DIA) proteomics was performed using a Bruker timsTOF 
Pro 2 connected to a nanoElute LC. For each sample, approximately 
100 ng of protein was injected onto a trap column (C18 PepMap; 5-µm 
particle size, 5-mm length and 300-µm internal diameter), followed by 
separation via an analytical column (C18 ReproSil AQ; 1.9-µm particle 
size, 100-mm length and 75-µm internal diameter). Peptides were 
eluted via an acetonitrile/water gradient at a column temperature of 
40 °C (buffer A = 0.1% formic acid/water, buffer B = 0.1% formic acid/
acetonitrile; flow rate = 0.5 µl min−1; gradient start at 2% buffer B and 
then increase to 35% buffer B over 20 minutes and then increase to 95% 
buffer B over 0.5 minutes and hold at 95% buffer B for 2.25 minutes). 
Scans were performed in positive ion, dia-PASEF (parallel accumula-
tion serial fragmentation) mode over an m/z range of 100–1,700 with a 
ramp time of 100 ms, accumulation time of 100 ms and a duty cycle of 
100% ramp rate of 9.43 Hz, MS averaging set to 1. Absolute thresholds 
were set to 5,000 for mobility peaks and 10 for MS peaks. Data were 
collected with Bruker Compass HyStar version 6.2.

The resulting raw data (.d files) were then processed via DIA-NN 1.8.1 
(refs. 87,88) with the following parameters: trypsin/P digestion three 
missed cleavages, three maximum variable modifications—N-term M 
excision, Ox(M), Ac(N-term) and C-carbamidomethylation—peptide 
length range 7–30, precursor charge range 1–4, m/z range 300–1,800, 
fragment ion range 200–1,800, mass accuracy and MS accuracy both 
set to 10 and precursor false discovery rate set to 1%. Within the DIA-NN 
algorithm, the following settings were applied: ‘use iso-topologues’, 
‘MBR’ (match between runs), ‘no shared spectra’ and ‘heuristic protein 

inference’. A spectral library was used, which was generated in DIA-NN 
from all known human proteins (in silico spectral library—generated 
in DIA-NN via FASTA of UniProt human proteome UP000005640; 
options selected were ‘FASTA digest for library-free search/library 
generation’ and ‘deep learning-based spectra, retention times and ion 
mobilities prediction’; other parameters were the same as described 
above). After processing, the resulting matrix .pg files were worked 
up in Perseus (version 2.0.7.0)89, where intensities were inputted as 
‘main’ while the other descriptors were listed as ‘categorical’. Intensities 
were transformed by log2, and data were annotated to the appropriate 
condition (either PEG-HER2Ir or PEG-IgG1Ir). Here, missing values were 
then replaced from a normal distribution (width = 0.3, downshift = 1.8, 
separately for each column). Normalization was performed via median 
subtraction, and a volcano plot was generated using a t-test for statisti-
cal significance. Contaminants were filtered manually for image clarity. 
The resulting volcano plot was plotted in GraphPad Prism 9.5 for the 
final figure. HER2 interactome comparison was performed through 
cross-referencing with BioGRID version 4.4.237.

Animal studies
Animal usage. All experiments involving animals were reviewed and 
approved by the Massachusetts Institute of Technology (MIT) Commit-
tee for Animal Care. All mice were housed in a specific pathogen-free 
facility under standard conditions, including a 12-hour light/dark 
cycle, ambient temperature maintained at approximately 18–26 °C 
and relative humidity of 30–70%. In vivo tumor imaging of the sub-
cutaneous model (BT-474 and CAOV-3 cell lines; NCR nude mouse 
(female), Taconic) was performed at the Imaging Facility Center of 
the Koch Institute for Integrative Cancer Research at MIT. NCR nude 
mice (female, 8–12 weeks old, Taconic; n = 3–4 mice per group) were 
used for pharmacokinetic and biodistribution studies. All animals 
received an alfalfa-free diet (TestDiet) at least 2 weeks before the start 
of the studies to minimize autofluorescence. No estrogen was used 
for these experiments.

Subcutaneous and orthotopic tumor models. NCR nude mice 
(female, 8–12 weeks old, Taconic) were used for the generation of the 
xenograft cancer models. Mice were injected subcutaneously (BT-474 
and CAOV-3 cells) or orthotopically (HCC-70 cells) with 2 million cells. 
Tumor growth was monitored for 2–4 weeks until appropriate cumula-
tive diameters (approximately 1 cm) were achieved. Tumor-bearing 
mice were then randomly distributed to receive different treatments 
(n = 5–8 mice per group).

Pharmacokinetics and biodistribution studies. ABC and BPD solu-
tions (5.0 mg in PBS, injected as 0.25 ml of a 20 mg ml−1 solution) 
were prepared, passed through sterile 0.2-μm filters (Nalgene, PES 
membrane) and administered into NCR nude mice (n = 3 per group) 
via intravenous or intraperitoneal injection. Blood samples were 
taken at a predetermined timepoint of up to 72 hours after adminis-
tration via cardiac puncture after euthanasia in a CO2 chamber. The 
blood samples were subjected to fluorescence imaging (IVIS, Cy5.5 
lex/lem = 640/700 nm) for analysis of blood compartment pharma-
cokinetics, which was then fitted into a two-component model using 
standard procedures2,7. To determine biodistribution profiles, organs 
from these same NCR nude mice were harvested and subjected to 
fluorescence imaging (IVIS, Cy5.5 lex/lem = 640/700 nm).

In vivo efficacy studies. BT-474, HCC-70 and CAOV-3 cells were cul-
tured following the protocol described above to a final confluency of 
80%. Cells were then harvested, mixed with Geltrex (for BT-474 and 
CAOV-3 cells) or Matrigel (for HCC-70 cells) and sterile pH 7.4 PBS buffer 
(1:1), filtered through sterile 0.2-μm filters and injected subcutane-
ously (2.0 × 106 cells) into the hind flank of NCR nude mice (for BT-474 
and CAOV-3 cells) or orthotopically into the fourth mammary pad 
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(for HCC-70 cells). Tumor growth was monitored for 1–3 weeks until 
appropriate cumulative diameters (approximately 1 cm, measured by 
a digital caliper) were achieved. Tumor-bearing mice were then rand-
omized into groups of n = 5–8 and given intravenous or intraperitoneal 
injections of 100 μl of materials at varying concentrations (to give 
5 mg kg−1 mAb) with different administration schedules as illustrated 
in the figures of the main text. Tumor growth was then assessed via 
caliper measurements. We note that, given the relatively low potency 
and established safety of BPDs on their own, and, for convenience, we 
used ABCs prepared directly from mAb conjugation reactions, without 
subsequent separation of unconjugated BPD (approximately 30%), for 
in vivo efficacy studies. The doses stated in the text include this excess 
BPD; thus, with further purification to remove BPDs, it is expected that 
these constructs may perform similarly at lower total payload doses. 
The exception to this practice was in the studies comparing ABCs to 
T-DXd, where the ABCs were rigorously separated from BPD.

Statistics and reproducibility. In vitro and in vivo signals measured 
from ABCs, control ABCs and BPDs are reported as mean ± s.e.m. Statis-
tical analysis was done using a two-tailed t-test. Results from represent-
ative experiments, such as micrographs, were independently repeated 
with similar outcomes. Specifically, Fig. 1e was reproduced in three 
independent experiments; Fig. 1f was reproduced in two independent 
experiments; Fig. 1h was reproduced in three independent experi-
ments; and Fig. 1j was reproduced in two independent experiments.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available within the 
article, in its supplementary information and on figshare (https://doi.
org/10.6084/m9.figshare.29414048)90 and can be obtained from the 
corresponding authors upon reasonable request. Source data are 
provided with this paper.
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Extended Data Fig. 1 | ABC synthesis using different stoichiometries of BP-Tz 
and Ab-TCO. a. Non-reducing SDS-PAGE analysis of model IgG1-based ABCs as a 
function of synthesis stoichiometry. BAR = average brush–antibody ratio.  
b. Non-reducing SDS-PAGE analysis of Trastuzumab-based ABCs as a function 
of synthesis stoichiometry. c. Flow cytometry histograms showing Cy5.5-HER2 
uptake into HER2 + BT-474 cells as a function of synthesis stoichiometry (that is, 
the constructs are present as a mixture of BAR values). The x-axis represents the 
Cy5.5 fluorescence intensity. Since the number of Cy5.5 dyes per ABC increases 
with BAR, histograms are normalized to the total Cy5.5 loading for each construct 

to enable comparison (normalized to 40 µg/mL Cy5.5-BP, 1 h). d. Flow cytometry  
histograms for the same constructs shown in panel c normalized by antibody 
dose (normalized to 10 µg/mL mAb, 1 h). The x-axis represents the Cy5.5 
fluorescence intensity. e. and f. Flow cytometry histograms for BT-474 cell uptake 
of isolated Cy5.5-HER2 ABCs with different BAR values (25 µg/mL, 1 h) (that is, 
ABCs with each BAR were separated from the synthesis mixture). Results are 
presented as mean ± SEM (n = 3 biological replicates). Statistical analysis was 
done using a 2-tailed t-test. For these statistical tests, **** denotes P < 0.001.
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Extended Data Fig. 2 | HER2-targeted ABCs synthesized via site-specific 
cysteine conjugation. a. Non-reducing SDS-PAGE analysis of site-specifically 
conjugated Cy5.5-HER ABCs. Two independent experiments were performed 
with similar results. b. Flow cytometry histograms showing enhanced BT474 
cell uptake for site-specific Cy5.5-HER2 ABC compared to BPD alone. The x-axis 
represents the Cy5.5 fluorescence intensity. c. and d. Quantification of cell uptake 
based on mean fluorescence intensity from flow cytometry (n = 3 biological 
replicates). e. and f. Flow cytometry histograms (The x-axis represents the Cy5.5 
fluorescence intensity) and quantification, respectively, for cell uptake studies 
comparing site-specific Cy5.5-HER2 to stochastically functionalized lysine-
based Cy5.5-HER2 ABC with BAR of 1 (BT474 cells, 20 µg/mL, 60 min incubation). 

Both ABCs have the same 5% Cy5.5 concentration. ABCK is the lysine-conjugated 
Cy5.5-HER2 ABC prepared from commercial Trastuzumab. We note that this 
ABC was stored at 4 °C for ~1.5 years prior to this study, demonstrating excellent 
long-term storage stability. T-ABCK is a stochastic Lys conjugate prepared using 
the engineered Trastuzumab designed for cysteine conjugation; this construct 
is designed to rule out differences in cell uptake between Lys-conjugated 
commercial Trastuzumab and the engineered antibody. Finally, T-ABCC is the 
site-specific cysteine conjugate Cy5.5-HER2. Results are presented as mean ± SEM 
(n = 3 biological replicates). Statistical analysis was done using a 2-tailed t-test. 
For these statistical tests, NS denotes non-significant; **, P < 0.01.
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Extended Data Fig. 3 | HER2+BT474 cell uptake and toxicity experiments 
comparing C5.5-labeled constructs. a. Cell uptake studies comparing Cy5.5-
HER2 to non-targeted controls Cy5.5-IgG1 and Cy5.5-BP, each containing 1% 
Cy5.5 loading (40 µg/mL, 60 min incubation, BAR = 3 for ABCs). The x-axis 
represents the Cy5.5 fluorescence intensity. b. Cell uptake for similar constructs 
with 5% Cy5.5 loadings (40 µg/mL, 60 min incubation, BAR = 3 for ABCs). The 
x-axis represents the Cy5.5 fluorescence intensity. c. Cytotoxicity of PTX-HER2 
ABC compared to non-targeted PTX-BP (BPD only), a mixture of PTX-BPD and 

Trastuzumab (aHER2), and Trastuzumab (aHER2) alone for 24 h incubation. 
Results are presented as mean ± SEM (n = 3 biological replicates). The ABC 
PTX-HER2 displays improved cytotoxicity compared to controls. d. Confocal 
fluorescence microscopy images showed greater cell engagement and uptake for 
Cy5.5-HER2 compared to non-targeted controls (50 μg/mL, 6 h incubation,  
1% Cy5.5 labeled ABC). Two independent experiments were performed with 
similar results.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | In vitro targeting abilities of ABCs across cell lines 
with different HER2 expression. a) Flow cytometry histograms demonstrating 
that Cy5.5-HER2 ABC uptake is dependent on HER2 expression. The x-axes 
represents the Cy5.5 fluorescence intensity. Cell uptake was studied using cell 
lines with varied HER2 expression: MCF-10A (HER2–); SKOV-3 (HER2 medium); 
SKBR-3 (HER2 high). Cells were treated with Cy5.5-HER2 ABC or non-targeting 
Cy5.5-BP polymer (1% Cy5.5 labeling) under the conditions listed at the bottom 
of the figure (varied times and concentrations). (b-d) Cytotoxicity results for 

HER2-targeted ABCs comprising different payloads in cell lines with varied HER2 
expression. Results are presented as mean ± SEM (n = 3 biological replicates). 
 b. MTT assay results for PTX-HER2 compared to non-targeted PTX-BP in HER2 
high, medium, and negative (from left to right), respectively, cell lines following 
24 h and 72 h incubation. c. HER2 + SKBR3 cell viability results for ABCs with 
different payloads (from left to right: MMAE, SN-38, and DOX). d. HER2– MCF-10A 
cell viability results for ABCs with different payloads (from left to right: MMAE, 
SN-38, and DOX).
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Extended Data Fig. 5 | Imaging of cell uptake and payload release in BT-474 
cells. a. Confocal fluorescence images of BT-474 cells incubated with Cy5.5-HER2 
(20 μg/mL) for different times. b. Confocal fluorescence images of BT-474 cells 
incubated with “theranostic” ABC SN38-Cy5.5-HER2 (50 μg/mL) for different 
times. White arrows point to cell nuclei where SN38 has localized following 

release from the ABC. In panels a and b, 4 h + 24 h and 4 h + 72 h mean that the 
cells were incubated with Cy5.5-HER2 or SN38-Cy5.5-HER2, respectively, for 4 h. 
Then, the cells were washed with PBS buffer three times and further incubated 
for an additional 24 h or 72 h before imaging. Two independent experiments were 
performed with similar results.
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Extended Data Fig. 6 | Proposed ABC cell uptake and drug release mechanism. 
First, ABCs bind to the cell surface through antibody-antigen interactions (upper 
left). Then, bound ABCs enter the cells through receptor-mediated endocytosis. 

Inside the endosome or lysosome, covalently attached payloads are released and 
subsequently diffuse to regions of the cell (for example, the nucleus or cytosol) 
to perform their MoA. Graphic created with BioRender.com.
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Extended Data Fig. 7 | Time-dependent biodistribution (BD) studies.  
a. Ex vivo images of organs from mice (n = 3) at different time points following 
administration of Cy5.5-HER2 and non-targeted controls Cy5.5-IgG1 and 
Cy5.5-BP. b. Quantification of time-dependent BD for targeted and non-
targeted constructs as quantified by fluorescence imaging. The bottom bar 

graphs correspond to the tumor fluorescence signals for different treatment 
groups, showing substantially greater tumor accumulation for HER2-targeting 
Cy5.5-HER2. Results are presented as mean ± SEM (n = 3 biological replicates). 
Statistical analysis was done using a 2-tailed t-test. For these statistical tests,  
NS denotes non-significant; *, P < 0.05; **, P < 0.01.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | In vitro and in vivo evaluation of the anticancer 
efficiency of ABCs with different payloads on BT-474 cells or xenograft tumor 
model. a. Cell viability studies for ABCs with different payloads compared to 
their nontargeting BPs (top and middle row, from left to right: MMAE, SN-38, and 
DOX; top row: 2 days incubation; bottom row: 5 days incubation) and different 
ADCs (bottom row, from left to right: T-DM1 and T-DXd, 2 d or 5 d incubation). 
Each data point represents the mean of three independent replicates  
(n = 3 biological replicates). b. BT-474 tumor volumes at day 40 for mice given 
MMAE-based ABCs and non-targeted controls (n = 4 mice/group). c. Ex vivo 

images of the tumors at day 40 for mice given MMAE-based constructs.  
d. Enlarged Fig. 3d for tumor volume measurement with dose schedule illustrated 
via green arrows (n = 6 mice/group). e. SDS-PAGE analysis of ABCs with DOX as the 
payload. f. BT-474 tumor volumes at day 40 for mice given DOX-based ABCs and 
non-targeted controls (n = 6 mice/group). g. Ex vivo images of the tumors at day 
40 for mice given DOX-based constructs. Results are presented as mean ± SEM. 
Statistical analysis was done using a 2-tailed t-test. For these statistical tests, NS 
denotes non-significant; *, P < 0.05; **, P < 0.01.
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Extended Data Fig. 9 | Images of mice organs and xenografts examined after 
ABC treatments in the BT-474 xenograft tumor model. Tissue sections were 
formalin-fixed paraffin-embedded (FFPE), stained with hematoxylin and eosin 
(H&E), and evaluated by a board-certified veterinary pathologist. a. No sign of 
toxicity was observed in the heart, lung, liver, spleen, and kidney, supporting a 
good safety profile. b. Xenografts with different magnifications. Tumor cells were 

only visible in the PBS, MMAE-BP, and MMAE-IgG1 groups. Tumor-bearing mice 
were treated with MMAE-based constructs (5 mg/kg mAb; 1.7 mg/kg MMAE per 
dose). Mice were dosed once a week for a total of 4 doses as illustrated via green 
arrows in panel a of Fig. 3. Scale bar = 300 μm. For each representative histology 
image, tissue sections from 4 mice were analyzed independently, with 3 slices 
examined per mouse, yielding similar results across all samples.
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