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Abstract

Systemic exposure to released cytotoxic payload contributes to the dose-limiting off-target 

toxicities of anti-cancer antibody-drug conjugates (ADC). In this work, we present an “inverse 

targeting” strategy to optimize the therapeutic selectivity of maytansinoid-conjugated ADCs. 

Several anti-maytansinoid sdAbs were generated via phage-display technology with binding IC50s 

between 10–60 nM. Co-incubation of DM4 with the anti-maytansinoid sdAbs shifted the IC50 of 

DM4 up to 250-fold. Tolerability and efficacy of 7E7-DM4 ADC, an anti-CD123 DM4-conjugated 

ADC, were assessed in healthy and in tumor-bearing mice, with and without co-administration 

of an anti-DM4 sdAb. Co-administration with anti-DM4 sdAb reduced 7E7-DM4 induced-weight 

loss, where the mean values of percentage weight loss at nadir for mice receiving ADC+saline 

and ADC+sdAb were 7.9±3% and 3.8±1.3% (p<0.05). In tumor-bearing mice, co-administration 

of the anti-maytansinoid sdAb did not negatively affect the efficacy of 7E7-DM4 on tumor 

growth or survival following dosing of the ADC at 1 mg/kg (p=0.49) or at 10 mg/kg (p = 0.9). 

Administration of 7E7-DM4 at 100 mg/kg led to dramatic weight loss, with 80% of treated mice 

succumbing to toxicity prior to the appearance of mortality relating to tumor growth in control 

mice. However, all mice receiving co-dosing of 100 mg/kg 7E7-DM4 with anti-DM4 sdAb were 

able to tolerate the treatment, which enabled reduction in tumor volume to undetectable levels 

and to dramatic improvements in survival. In summary, we have demonstrated the utility and 

feasibility of the application of anti-payload antibody fragments for inverse targeting to improve 

the selectivity and efficacy of anti-cancer ADC therapy.
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INTRODUCTION

The major limitation of traditional chemotherapy, excessive systemic toxicity caused by 

drug exposure in healthy tissue, remains as a limitation for ADC therapy [1–3]. There 

are two primary mechanisms of payload entry into cells: antigen-mediated endocytosis of 

ADC-conjugated payloads and passive diffusion of deconjugated payloads. As demonstrated 

in Figure 1A, ADCs bind to the target antigen and are internalized by receptor-mediated 

endocytosis. ADCs are subsequently catabolized within the endo-lysosomal system, 

releasing unconjugated (i.e., “free”) payload molecules that diffuse into the cytoplasm and 

exert cytotoxic effects. Lysed cancer cells eventually release the unconjugated payloads 

back into the systemic circulation. Additionally, catabolism of ADCs within non-targeted 

tissues, or extracellular hydrolysis of the chemical linker that tethers payload to the targeting 

antibody, yields unconjugated payload that may gain entry into interstitial fluid and plasma, 

where free payload may diffuse across plasma membranes of healthy, non-targeted cells 

and subsequently cause undesired, off-site toxicity. Evidence suggests that antigen-mediated 

endocytosis is the dominant mechanism for uptake of payload into targeted cells, and that 

passive diffusion of the free payload across the plasma membranes of non-targeted cells is 

the primary driver of unwanted toxicity [4, 5]. Our lab has proposed that payload-binding 

molecules may be co-administered with ADCs to bind and “neutralize” released payload 

in extracellular fluids, blocking distribution of payload into non-targeted cells, as shown 

in Figure 1B. Payload-binding molecules may be hydrophilic macromolecules, which are 

designated as payload binding selectivity enhancers (PBSEs), based on our hypothesis that 

these agents will increase the therapeutic selectivity of ADC therapy.

The inverse targeting concept introduced by Balthasar and Fung theorizes that the 

therapeutic window of a drug could be improved by decreasing drug distribution to sites 

associated with drug toxicities [6–8]. Initial work on this strategy considered optimization 

of regional chemotherapy for cancers confined within a physiological compartment 

(e.g., intraperitoneal (IP) chemotherapy for treatment of stage II-III ovarian cancer). IP 

chemotherapy is dose-limited by systemic toxicities that arise due to the distribution of drug 

from the peritoneum into the blood circulation, and due to subsequent distribution from 

blood into systemic tissues (e.g., bone marrow) associated with toxicity (e.g., neutropenia). 

In the inverse targeting strategy of Balthasar and Fung, intravenous (IV) administration of 

anti-drug antibodies was employed to bind (i.e., intercept) drug within plasma, decreasing 

the rate and extent of drug distribution to sites associated with toxicity, and enabling 

increases in the maximum tolerated dose (MTD) and efficacy of IP chemotherapy [8]. 

Previous studies in the Balthasar laboratory demonstrated that IV co-administration of 

an anti-methotrexate antigen-binding Fab fragments led to a 5-fold increase in the MTD 

of IP methotrexate, thus improving the median survival time of mice bearing peritoneal 

tumors [9]. Similarly, co-dosing of an anti-topotecan antibody IV reduced topotecan-induced 

weight loss in mice by ~50% [10]. The Balthasar laboratory has proposed that the “inverse 

targeting” concept may be employed to optimize the therapeutic selectivity of ADC therapy, 

where anti-payload antibodies may be used to decrease off-target toxicities relating to 

systemic exposure to released (i.e., “free”) payload. Recently, we reported the development 

of a humanized anti-MMAE antibody fragment (ABC3315) that increased the therapeutic 
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index of MMAE based ADCs [11]. ABC3315 ameliorated markers of off-target toxicity 

in mice that were treated with polatuzumab vedotin (body-weight loss) or trastuzumab-

vc-MMAE (bone marrow suppression). In contrast, ABC3315 did not alter the efficacy 

of polatuzumab vedotin or trastuzumab-vc-MMAE in mouse xenograft models of human 

cancer.

DM1 and DM4 are potent tubulin-binding maytansinoid payloads utilized in ADC 

technology [12–14]. In preclinical models, maytansinoid ADCs have shown impressive 

anti-tumor effects [14–16]. Yet, during clinical trials, treatment with maytansinoid ADCs 

has yielded only limited efficacy at their MTDs [17, 18]. We hypothesize that dose-limiting 

toxicities relating to systemic exposure to free DM1 and DM4 may be minimized through 

administration of anti-DM1/DM4 antibodies, enabling administration of higher doses of 

DM1/DM4 ADCs, and leading to increased efficacy. This work details the development 

of anti-CD123-DM4 ADCs and anti-maytansinoid sdAbs. Through a series of in vitro and 

in vivo studies we demonstrate that the anti-maytansinoid sdAbs may be employed in an 

“inverse targeting” strategy to increase the therapeutic window of DM4 based ADCs.

METHODS

Pharmacokinetic modeling

A pharmacokinetic model was used to describe the clinical pharmacokinetic data of 

anetumab ravtansine as a model DM4-ADC. Plasma pharmacokinetic data after intravenous 

administration of anetumab ravtansine in patients at a dose of 6.5 mg/kg were reported 

by Hassan et al. [19]. Figure S1 describes the schematics of the plasma pharmacokinetic 

model for anetumab ravtansine and its metabolites. The pharmacokinetic profile of 

anetumab ravtansine is captured by a two-compartment pharmacokinetic model with linear 

clearance (CLADC) from the central compartment and distributional clearance (CLDADC) 

to the peripheral compartment. Degradation of each molecule of the ADC is assumed 

to form unconjugated payload DM4 in a quantity dictated by the drug-antibody ratio 

(DAR). Released DM4 is metabolized to form S-methyl-DM4, an active metabolite, via 

CLmetabolism. S-Methyl-DM4 is eliminated via a linear clearance pathway, CLSMeDM4. Non-

compartmental methods were performed using SimBiology in Matlab software (Mathworks, 

Natick, MA) to calculate initial estimates of parameters prior to model fittings. Simultaneous 

fitting of parameters to plasma concentration data was conducted with ADAPT 5 software 

(Biomedical Simulations Resource, Los Angeles, CA), with listing of fitted parameters in 

Table S1.

The ADC pharmacokinetic model was merged with another two-compartment model that 

describes the pharmacokinetics of an anti-maytansinoid sdAb as depicted in Figure 2A. 

The binding of the sdAb to conjugated DM4, free DM4 payload, and the metabolite 

S-methyl-DM4 was described with microconstants of binding association (kon) and 

binding dissociation (koff). The model assumes that: (1) degradation of sdAb-bound ADC 

contributes to the release of DM4 into the central (plasma containing) compartment, and 

(2) sdAb-bound DM4 and S-methyl-DM4 have limited distribution and are subject to 

elimination via the kidney in the same manner as the unbound sdAb. Pharmacokinetic 

parameters for sdAb were obtained from the literature and were used for the anti-
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maytansinoid sdAb [20], and the fitted pharmacokinetic parameters from clinical data of 

anetumab ravtansine were used for the DM4-ADC. All simulations were conducted in 

Berkley-Madonna software (University of California at Berkeley, CA), in which ADC and 

anti-DM4 sdAb were administered as IV infusion doses of 6.5 mg/kg and 2.25 mg/kg (1:1 

ratio of sdAb to conjugated DM4) over one hour. Subsequently, an additional 9 doses of 

anti-DM4 sdAb were simulated via IP dosing every 6 hours. The IP absorption rate constant 

(ka) was set at 0.5 h−1. The final set of model equations employed to predict the impact of 

anti-maytansinoid sdAb on DM4-ADC pharmacokinetics are:

ADC PK

dC1ADC
dt = CLDADC × C2ADC

V 1ADC
− CLDADC × C1ADC

V 1ADC
− CLADC × C1ADC

V 1ADC
− kon × C1ADC × C1sdAb

+ koff × Cb1ADC

dC2ADC
dt = − CLDADC × C2ADC

V 2ADC
− CLDADC × C1ADC

V 2ADC

SdAb-bound ADC PK

dCb1ADC
dt = CLDADC × Cb2ADC

V 1ADC
− CLDADC × Cb1ADC

V 1ADC
− CLADC × Cb1ADC

V 1ADC
+ kon × C1ADC

× C1sdAb − koff × Cb1ADC

dCb2ADC
dt = − CLDADC × Cb2ADC

V 2ADC
− CLDADC × Cb1ADC

V 2ADC

Anti-maytansinoid sdAb PK

dC1sdAb
dt = CLDsdAb × C2sdAb

V 1sdAb
− CLDsdAb × C1sdAb

V 1sdAb
− CLsdAb × C1sdAb

V 1sdAb
− kon × C1ADC

× C1sdAb + koff × Cb1ADC − kon × CDM4 × C1sdAb + koff × CbDM4 − kon

× CSMeDM4 × C1sdAb + koff × CbSMeDM4 − GFR × C1_sdAb
V 1sdAb

dC2sdAb
dt = − CLDsdAb × C1sdAb

V 2sdAb
− CLDsdAb × C2sdAb

V 2sdAb

DM4 PK

dCDM4
dt = CLADC × DAR × C1ADC + Cb1ADC

V DM4
− CLmet × CDM4

V DM4
− kon × CDM4 × C1sdAb

× V 1sdAb
V DM4

+ koff × CbDM4 × V 1sdAb
V DM4
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dCbDM4
dt = kon × CDM4 × C1sdAb − koff × CbDM4 − GFR × CbDM4

V 1sdAb

S-methyl-DM4 PK

dCSMeDM4
dt = CLmet × CDM4

V DM4
− CLSMeDM4 × CSMeDM4

V DM4
− kon × CSMeDM4 × C1sdAb × V 1sdAb

V DM4

+ koff × CbSMeDM4 × V 1sdAb
V DM4

dCbSMeDM4
dt = kon × CSMeDM4 × C1sdAb − koff × CbSMeDM4 − GFR × CbSMeDM4

V 1sdAb

Generation of anti-CD123 DM4-ADCs

Development of anti-CD123 mAbs are detailed in supplementary methods. Anti-CD123 

mAbs, 7E7 and 11C3, and a control non-targeting mAb 8C2 (an anti-topotecan antibody 

previously developed in our lab [21]), were used to develop ADCs with DM4 via the 

N-succinimidyl-4-(2-pyridyldithio) butyrate (SPDB) cleavable linker. Briefly, anti-CD123 

mAbs (5 mg/mL) were buffer exchanged into HEPES buffer pH 8.0. To this solution, SPDB-

DM4 linker-payload (MedChemExpress, Monmouth Junction, NJ), 10 mM in DMSO, was 

added at a molar ratio of 10:1 drug to antibody, and the mixture was incubated for 18 hours 

at room temperature before buffer exchange and dialysis into PBS. ADCs were stored at 4°C 

prior to use. The concentrations of linked DM4 and antibody components in the conjugate 

were estimated by the formula:

DM4 = [A252nm – (A280nm . (EAb
250nm/EAb

280nm)) / EDM4
252nm – (EDM4

280nm . (EAb
252nm/EAb

280nm)]
[Ab] = A280nm − A252nm ⋅ EDM4

280nm/EDM4
252nm / EAb

280nm − EAb
252nm ⋅ EDM4

280nm/
EDM4

252nm

The values of extinction coefficients used are [13]:

EAb
280nm = 223, 000M−1cm−1; EAb

252nm = 82, 510M−1cm−1

EDM4
280nm = 5180M−1cm−1; εDM4

252nm = 26, 160M−1cm−1

Development of anti-maytansinoid sdAbs

Immunization and library construction—DM4 was conjugated to maleimide-activated 

mariculture keyhole limpet hemocyanin (KLH) (Thermo Fisher Scientific, Rockford, 

IL) following the manufacturer’s protocol. A llama (Capralogics, Hardwick, MA) was 

subcutaneously immunized with 300 μg of KLH-DM4 in incomplete Freund’s adjuvant 

every three weeks for a total of four immunizations. Ten days after the fourth immunization, 

600 mL of freshly harvested blood was used to isolate peripheral blood lymphocytes, 

and total RNA was extracted from the lymphocytes using TRizol reagents. Llama sdAb 
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phage display libraries were built using the extracted RNAs as previously described with 

modifications [22].

Phage panning to enrich anti-DM1/DM4 sdAb binders—DM1 and DM4 were 

conjugated to Biotin-Maleimide and used for bio-panning and screening of anti-

maytansinoid sdAbs. Briefly, 200 μg of Biotin-Maleimide was conjugated with 740 μg of 

DM1/DM4 in 1 mL phosphate-buffered saline (PBS) pH 7.0. The reaction was incubated 

overnight at room temperature and stored at 4°C until use. Stock streptavidin magnetic beads 

(Thermo Fisher Scientific, Rockford, IL) were washed three times with PBS + 0.05% Tween 

20 (PBST) and blocked with PBS + 5% non-fat dry milk (MPBS) for 2 h. After the blocking 

step, the streptavidin beads were incubated with 1 mL of 1 μM biotin-DM1/DM4 for 15 

minutes, followed by three washes with PBST. For the first panning input, the stock phage 

was diluted to 1012 c.f.u. (colony forming unit)/mL in blocking buffer (2% milk PBS), and 

1 ml of the diluted phage was distributed into each well and incubated for 2 hours. After the 

incubation, beads were washed with PBST 5 times, 10 times, 15 times, and 15 times for the 

1st, 2nd, 3rd, and 4th round of panning. Bound phages were then eluted either by incubation 

with 500 μL of 1 mg/ml trypsin for 30 min or by incubation with free DM1 or DM4 solution 

at the concentrations of 1 μM, 100 nM, 10 nM, and 1 nM in PBS over 1 hour for the 1st, 

2nd, 3rd, and 4th round of panning. Output phages were titrated and re-infected with TG-1 

cells for phage production in the next round of panning.

Screening of anti-DM1/DM4 single domain antibodies—Phage-infected TG1 cells 

were grown overnight, serially diluted in 2xYT media, spread over individual culture plates 

containing selective medium (LB agar + 100 μg/mL ampicillin + 2% wt/v glucose), and 

incubated overnight at 37°C. A master plate was generated by inoculating a single colony 

into wells of a 96-well round-bottom culture plate filled with 100 μL of 2xYT supplemented 

with 100 μg/mL ampicillin, 2% (wt/vol) glucose, and 15% (vol/vol) glycerol, and grown 

overnight at 37°C, 300 rpm. These wells were then used to inoculate wells of 96 deep-well 

plates containing 1 mL of 2xYT medium (100 μg/mL ampicillin per well). Plates were 

incubated for 4 h at 37°C and 300 rpm until OD600 ≈ 0.5, then 1 μL of stock helper phage 

was added to each well and incubated for another 1 hour. Kanamycin was added to a final 

concentration of 50 μg/mL, and the plates were incubated overnight at 30°C 250 rpm.

Nunc Maxisorp 96-well ELISA plates were coated with 4 μg/ml NeutrAvidin (Thermo 

Fisher Scientific, Rockford, IL) overnight at 4°C. Plates were washed five times with PBST, 

and blocked with MPBS for 2 h at RT, then100 μL of 1 μM Biotin-DM1/DM4 was added 

for 30 minutes. Plates were then washed five times with PBST and incubated with 4-fold 

diluted phage supernatant for 2 h, with or without pre-incubation of free DM1/DM4 at a 

concentration range from 10 nM to 10 μM. Plates were then washed five times with PBST, 

and bound sdAb-displaying phages were detected using an anti-M13 phage HRP-conjugated 

antibody (Antibody Design Labs, San Diego, CA) diluted 1:1000 in MPBS for 1-hour. 

Following five washes with PBST, 100 μL of 1-Step Turbo TMB-ELISA solution was added 

to each well and incubated for 15 minutes. The reaction was quenched by adding 100 μL 

of Stop solution (Thermo Fisher Scientific, Rockford, IL) to each well, and absorbance was 

measured at 450 nm.
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Affinity maturation of the anti-DM4 sdAbs—Random mutations were introduced 

into the original anti-maytansinoid sdAbs through error-prone PCR [23]. PCR primers 

were designed to facilitate the error-prone PCR products to be transferred from pET-22b 

expression vector for protein expression into pComb3XSS phagemid vector for library 

construction, and vice versa.

Bio-panning was performed to identify high-affinity binders targeting DM4. In summary, 

stock StrepAvidin magnetic beads were blocked with 2% milk PBST for 1 hour at room 

temperature; then, the blocked beads were incubated with 500 μL of biotin-DM4 for 30 

minutes before the phage binding step. Approximately 1012 phages in PBST were incubated 

with the avidin-biotin-DM4 beads for another 1 hour, then washed and eluted via a free-drug 

competition method or an off-rate method [24]. For the free-drug competition method, 

bound phages were incubated for 1 hour with 500 μL of 10 nM, 1 nM, and 0.1 nM 

DM4 in PBS in the first, second, and third round of panning, then the supernatant was 

collected and used for the subsequent round of panning or screening. For the off-rate 

method, bound phages were incubated with 1 mL of 1 μM DM4 in PBS overnight at 4°C, 

then on the next day, the supernatant was discarded, and the remaining bound phages were 

eluted with trypsin. One hundred clones from the third round of each panning method 

were screened with phage media. Twenty positive clones from each screening that had 

the highest binding signal to avidin-biotin-DM1/DM4 were rescreened via a competitive 

assay with DM4. Briefly, phage media was diluted 4-fold in PBST containing free DM4 

at the final concentrations of 100 nM, 50 nM, or 10 nM, and incubated for 1-hour before 

the antigen-binding step of ELISA. The newly identified derivative clones were assessed 

for affinity toward free DM4 via competitive ELISA, and anti-DM4 antagonism with cell 

cytotoxicity assays. Expression and purification of the sdAbs were detailed in supplemental 

methods.

In vitro cell cytotoxicity assay

Log-phase SK-BR-3 cells (HTB-30, ATCC, Manassas, VA, RRID: CVCL_0033) were 

seeded in 96-well microtiter plates at a density of 5,000 cells/well, in 100 μL culture 

medium. Cells were allowed to adhere for 24 h before cell culture media was aspirated 

and replaced with culture media containing treatments, followed by a 96-hour incubation 

at 37°C. Treatment solutions for SK-BR-3 cells consist of DM4 or S-methyl-DM4 over a 

concentration range of 0.1–1000 nM, with and without 10 μM of anti-maytansinoid sdAb. 

After the treatment period, treatment media was aspirated, and cells were washed three times 

with 100 μL of fresh media. Following the final wash, 100 μL of complete media and 25 

μL of 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) solution were 

added to each well. Cells were incubated for 4 h to allow cells to reduce MTT to formazan 

dye. Once MTT was reduced, 100 μL of 10% SDS prepared in 0.01 M HCl was added to 

each well and incubated overnight to solubilize the formazan crystals. Formazan dye was 

measured at 570 nm and normalized by cell debris at 640 nm. The SK-BR-3 cells were not 

authenticated or tested for Mycoplasma contamination.
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In vivo tolerability investigations

The effect of co-administration of anti-maytansinoid sdAb on the toxicity of DM4-ADC was 

determined in healthy mice (Swiss Webster, Taconic). Body weight loss was used as the 

toxicodynamic biomarker. On day 0, three groups of mice (n = 6) were given a single IV 

dose of either vehicle control or 55 mg/kg of 7E7-DM4. Immediately after the injection, 

the control group, the ADC+PBS group, and the ADC+PBSE group were injected IP with 

PBS, PBS, and anti-maytansinoid sdAb, respectively, every 6 hours over 10 injections. For 

the ADC+PBSE group, the molar ratio of each sdAb dose and the conjugated DM4 was 1. 

The body weights of the mice were measured daily for up to 13 days. Mean % bodyweight 

vs. time plot was generated for each group, where the percentage body weight for each 

animal was calculated based on their body weight on day 0. The animals were monitored 

daily for signs of toxicity, including bodyweight loss, dehydration, hunched posture, ruffled 

fur, and loss of appetite or lethargy. The protocols of animal experiments detailed in this 

manuscript had been approved by the University at Buffalo Institutional Animal Care and 

Use Committee.

In vivo efficacy study

An AML xenograft model was established by injecting 6-week-old male Nu/J mice (The 

Jackson Laboratory, RRID:IMSR_JAX:002019) in the right flank with 5 million MOLM-14 

cells (DSMZ, Braunschweig, Germany, RRID:CVCL_7916) in 200 μl of RPMI media. Once 

tumor volumes reached 100–250 mm3, mice were split into seven groups of treatments (n 

= 5 animals/group): PBS vehicle control, 1 mg/kg of ADC+PBS, 1 mg/kg ADC+PBSE, 10 

mg/kg of ADC+PBS, 10 mg/kg of ADC+PBSE, 100 mg/kg of ADC+PBS, and 100 mg/kg 

of ADC+PBSE. PBS vehicle control or 7E7-DM4 ADC was given IV. Immediately after 

the injection, the control group, the ADC+PBS group, and the ADC+PBSE group were 

injected IV with PBS, PBS, and anti-maytansinoid PBSE, respectively, and followed up with 

IP injections every 6 hours over 9 injections. For the ADC+PBSE group, the molar ratio of 

each PBSE dose to the conjugated DM4 was around 1:1. Tumor size was measured every 

day using digital calipers with tumor volume calculated using the formula: tumor volume 

= (Width2 x Length)/2. Kaplan–Meier survival curves were generated in GraphPad Prism 7 

and compared using the log-rank test at a significance level of P ≤ 0.005.

Data availability

The data generated in this study are available upon request from the corresponding author.

RESULTS

PK/PD modeling and simulation

Clinical pharmacokinetic data for anetumab ravtansine, a mesothelin-targeting DM4-ADC, 

and its metabolites were fitted with a two-compartment pharmacokinetic model (Figure 

S1). All parameter estimates are reported in Table S1. Using the estimated pharmacokinetic 

parameters of anetumab ravtansine and sdAb pharmacokinetic parameters from a published 

study [20], the pharmacokinetics of DM4-ADC were simulated with and without co-

administration of an anti-maytansinoid sdAb. As demonstrated in Figure 2B, the model 
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predicts that co-administration of the anti-maytansinoid sdAb with the same molar ratio 

as conjugated DM4 would significantly reduce the systemic concentration of unconjugated 

DM4 and S-methyl-DM4. In addition to the concentration profile, simulated AUCs also 

indicate that co-administration of anti-maytansinoid sdAb significantly decreases cumulative 

systemic exposures of DM4 and S-methyl-DM4 by 46% and 61%, respectively (Figure 2C).

Generation of anti-CD123 DM4-ADCs

High-affinity anti-CD123 mAbs were developed via hybridoma technology. Figure S2 

presents the surface plasmon resonance (SPR) sensorgrams obtained by passing different 

concentrations of anti-CD123 mAbs over a sensor chip immobilized with recombinant 

human CD123. SPR analyses indicate that both 7E7 and 11C3 mAbs bind to the 

immobilized CD123 with high affinity, and their binding dissociation constants (Kd) were 

estimated to be 88 pM and 55 pM, respectively. 7E7 and 11C3 DM4-ADCs were generated 

using a cleavable disulfide linker SPDB, and drug-to-antibody ratios (DAR) were estimated 

to be 3.8 to 4 through the UV absorbance method. Figure S3 shows the binding curves 

for the anti-CD123 mAbs and ADCs to MOLM-14 AML cells. Both 7E7 and 11C3 mAbs 

exhibit high binding affinity toward the cellular CD123 target, and their fitted IC50 values 

are 2.26 and 2.39 nM, respectively. Both 7E7 and 11C3 ADCs demonstrated comparable 

binding affinity to their parent mAbs with the fitted IC50 values of 2.63 and 6.01 nM, 

respectively.

A panel of AML cell lines was treated with CD123-targeting and non-targeting ADCs for 

96 hours, followed by an MTT-based assay to assess cell cytotoxicity. The results were 

normalized to cells treated with vehicle control and reported as % cell viability. Both anti-

CD123 ADCs, 7E7-DM4 and 11C3-DM4, displayed potent cytotoxicity with IC50 values 

between 1 to 10 nM in an antigen-dependent manner (Figure S4 and Table S2). Cell lines 

with high expression of CD123, i.e., MOLM-14 and MV-4-11, are more responsive to 7E7 

and 11C3 than cell lines with moderate or low expression, i.e., KG-1 and Kasumi-3. In the 

AML cell line with no expression of CD123 (Namalwa), the cytotoxicities of both targeting 

and non-targeting ADCs were comparable.

Anti-maytansinoid sdAbs development

Several sdAbs specific to maytansinoids were generated via phage-display technology, and 

random mutagenesis was performed to generate constructs with improved selectivity and 

affinity. The affinity of the anti-DM4 sdAbs was determined by competitive ELISA with 

free DM4. As demonstrated in Figure 3A, all clones isolated from the mutated library 

have moderate to high affinity to free DM4 with KD values ranging from 10 nM to 56 

nM. The estimated affinities are also in line with the initial screening and cytotoxicity 

assay, as DMFH1 and DMOH9 were identified as the two clones with the highest affinity 

values. Table S3 summarizes the characteristics of the lead derivative clones. Activity of the 

anti-DM4 sdAbs, in terms of antagonizing DM4-induced cytotoxicity, was evaluated with 

use of SK-BR-3 cells and the MTT assay. The IC50 of DM4 in SK-BR-3 cells was between 

0.3 to 0.4 nM. In the presence of 10 μM of purified anti-DM4 sdAbs, DM4 cytotoxicity was 

reduced up to 250-fold to an IC50 of ~100 nM (Figure 3B).
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Figure 4A demonstrates binding activity of the lead anti-DM4 sdAbs DMOH9 and DMFH1 

to the active metabolite S-methyl-DM4, with the binding IC50 values of 14.9 and 19.4 

nM, respectively. Additionally, in the presence of purified anti-DM4 sdAbs, DMFH1 and 

DMOH9, S-methyl-DM4 cytotoxicity was reduced more than 100-fold from IC50s of less 

than 30 pM to 3.93 nM and 4.10 nM, respectively (Figure 4B).

In vivo tolerability

The effects of anti-maytansinoid PBSE on the tolerability of the 7E7-DM4 ADC were 

evaluated in healthy Swiss-Webster mice. A single IV dose of 7E7-DM4 was well tolerated 

at doses up to 45 mg/kg with only minimal change in body weight. The mice experienced 

more substantial toxicity at higher doses, with the % nadir weight loss observed at 55mg/kg 

dose being 10.8±1.14% (Figure S5). Co-dosing of PBSE (Figure 5A) reduced ADC-related 

toxicity, with the %nadir weight loss of the ADC+PBS and ADC+PBSE groups being 7.9 ± 

3% and 3.8 ± 1.3% (P=0.023), respectively (Figure 5B).

In vivo efficacy

The effect of anti-maytansinoid PBSE on the efficacy of anti-CD123-DM4 ADC was 

evaluated in an AML xenograft animal model. MOLM-14 tumor-bearing mice were treated 

with either vehicle control, 1 mg/kg, 10 mg/kg, or 100 mg/kg 7E7-DM4 with or without 

PBSE. The resulting tumor growth and survival curves are shown in Figure 5C and 5D, 

respectively. The ADC was active at the low dose of 1 mg/kg, significantly prolonged 

survival from the control group (P = 0.002). At the 10 mg/kg dose, the ADC substantially 

suppressed tumor growth and significantly improved survival relative to the 1 mg/kg 

dose group (P = 0.0021) and the control group (P = 0.001). Co-administration of the 

anti-maytansinoid PBSE did not significantly affect tumor growth and survival for following 

1 mg/kg dosing (P = 0.49) or 10 mg/kg dosing (P = 0.9). At the dose of 100 mg/kg of ADC, 

the treated mice experienced significant toxicity, and 80% of the animals were euthanized 

by day 7 post treatment due to body weight loss ≥20%. Strikingly, all of the mice treated 

with 100 mg/kg of ADC with PBSE were found to tolerate treatment, with complete tumor 

regression observed in all treated mice, and with no tumor growth observed for 75-days 

post-ADC dosing.

DISCUSSION

Traditional drug targeting strategies aim to improve therapeutic selectivity by directing drugs 

to desired sites of drug activity, thus increasing the efficiency of drug delivery to the tumor. 

On the other hand, inverse targeting seeks to enhance therapeutic selectivity by decreasing 

drug delivery to healthy tissues [8, 10]. Given that exposure to released payload is a likely 

contributor to ADC toxicity [1–3], we proposed using payload-binding antibody fragments 

within an inverse targeting strategy to improve the therapeutic selectivity of ADCs. The 

objectives of our approach are (1) to reduce the systemic free payload exposure, (2) to 

decrease ADC-related systemic toxicity, (3) to enable increases in the maximum tolerated 

dose of ADCs, and ultimately (4) to enhance the therapeutic efficacy of ADCs in the 

treatment of cancer.
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Maytansine is a tubulin-binding agent that shows potent anti-tumor activity in pre-clinical 

animal models; however, its clinical development was terminated due to unacceptable 

toxicities in patients [25]. With recent advances in ADC technology, interest in maytansine 

was revived and maytansine-derivatives such as DM1 and DM4 have been extensively 

evaluated as cytotoxic ADC payloads. Trastuzumab emtansine, T-DM1, has been FDA-

approved for treatment of breast cancer, and many additional ADCs utilizing maytansinoid 

payloads have been developed. However, many maytansinoid-based ADCs have been 

discontinued in late stages of clinical investigation due to suboptimal responses at the 

maximum tolerated doses (MTDs) [1, 26, 27].

Data from multiple clinical trials investigating DM4-ADC pharmacokinetics have shown 

that the plasma concentrations of free DM4 and its active metabolite, S-methyl-DM4 

(SMe-DM4), achieve values that are several-fold higher than their cytotoxic concentrations 

(as determined in cell culture experiments). For instance, in a phase II clinical trial of 

indatuximab ravtansine (anti-CD138-DM4 with SPDB cleavable linker) for treatment of 

multiple myeloma, mean plasma concentrations of DM4 in patients treated at the MTD of 

140 mg/m2 were in the range of 5.0–21.9 ng/mL (6.3–27.6 nM) during the treatment period 

[28, 29]. Similarly, free payload plasma concentrations in patients were detected in the 

range of 1 to 100 nM for additional DM4-ADCs such as AVE9633 (anti-CD33-SPDB-DM4 

for treatment of acute myeloid leukemia) [30] and coltuximab ravtansine (anti-CD19-SPDB-

DM4 for treatment of B-cell lymphoma) [14, 17, 31]. Considering that the IC50 values of 

DM4 and SMe-DM4 are in the picomolar range when applied to most cell lines [12, 13, 32], 

these plasma concentrations of free DM4 and SMe-DM4 in patients are 10–1000 fold higher 

than their active concentrations. These observations suggest that the free payload may be 

the primary driver of the off-target toxicity associated with DM4-ADC treatments. Off-target 

toxicities define the MTD of ADC therapies and, ultimately, the doses used in clinical trials 

and in clinical practice [3].

Single domain antibodies are antibody fragments derived from variable domains of “heavy-

chain only” IgG2 and IgG3 antibodies that are naturally expressed by members of the 

Camelidae family [33]. Due to their smaller size and monodomain structure, sdAbs are 

easier to manipulate genetically, relative to other common antibody fragments such as Fab or 

scFv [34]. Furthermore, sdAbs are highly homologous to human VHs and are less prone to 

stability, aggregation, and degradation than Fab or scFvs [34, 35]. Following administration 

to humans or other mammals, sdAbs are rapidly eliminated via renal filtration due to their 

small size (about 15 kDa), which is below the glomerular filtration molecular weight cut-off 

(approximately 60 kDa) [35]. On the other hand, DM1, DM4 and their active metabolites 

are primarily cleared by hepatic biotransformation and biliary secretion, with a relatively 

long in vivo half-life of 2 to 8 days [16]. We hypothesize that anti-maytansinoid sdAb 

may be employed to bind free DM1 and DM4 in the systemic circulation, decreasing 

distribution to healthy tissues associated with DM1 and DM4 toxicities, and that sdAb-DM1 

and sdAb-DM4 complexes will be rapidly eliminated via renal excretion.

Tolerable clinical doses of ADCs are below levels needed to achieve tumor-curative 

exposures, as defined in preclinical models [36]. Additionally, ADCs typically demonstrate 

very steep dose-effect and dose-toxicity relationships. For example, in a phase I clinical trial 
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of sacituzumab govitecan for the treatment of diverse epithelial cancers, a 25% increase 

in dose from 8 mg/kg to 10 mg/kg led to a significant increase in toxicity with 21% 

versus 47% of patients experiencing grade 3+ neutropenia [37]. However, this dose increases 

also led to a substantial increase in efficacy with 36% vs. 64% of patients with partial 

response or stable disease, for those receiving 8 mg/kg versus 10 mg/kg. We hypothesize 

that neutralizing free payload in the systemic circulation will decrease ADC off-target 

toxicity, increasing the maximum tolerated ADC dose, and enabling an improved response 

to ADC treatment.

Mathematical modeling and simulation were utilized to evaluate the feasibility of the inverse 

targeting strategy for DM4-ADCs. Studies in mice showed that unconjugated DM4 payload 

is rapidly converted into the more potent metabolite SMe-DM4 by S-methyl-transferases. 

Subsequently, the metabolite is S-oxidated into sulfoxide and sulfone metabolites in the 

liver and eventually eliminated via secretion in the bile [38, 39]. The model assumes one 

compartment for both DM4 and S-methyl-DM4 with a shared volume of distribution. Since 

eliminated DM4 payload is predominantly in the S-methylated form, the model assumes 

that the metabolism clearance of DM4 is the same as the formation clearance of SMe-DM4. 

Free sdAbs and bound sdAbs to DM4 and SMe-DM4 are expected to be rapidly removed 

from the systemic circulation via glomerular filtration [20]. Therefore, co-administration of 

anti-maytansinoid sdAb provides an additional clearance pathway, i.e., renal elimination of 

sdAb-DM4/DM4 metabolite complexes, enabling a reduction in their cumulative systemic 

exposure.

It is well appreciated that mice tolerate doses of ADCs and small molecule 

chemotherapeutics that are much greater than the tolerable doses in humans [36]. The 

maximum tolerated dose of DM4-ADCs in mice is approximately 55 mg/kg [14, 40]. 

Similar results were observed in the initial tolerability study of our anti-CD123-DM4 ADC. 

Mice injected with a single IV dose of the 7E7-DM4 ADC experienced minimal weight 

loss with doses up to 40 mg/kg, and the maximum tolerated dose was determined to be 

55 mg/kg. Co-dosing of 7E7-DM4 with the anti-maytansinoid sdAb PBSE at a 10:1 molar 

ratio of PBSE:conjugated-DM4 reduced nadir weight loss by ~50%. In addition, the in 
vivo efficacy study demonstrated no significant difference in tumor progression and median 

survival time among the 1 or 10 mg/kg ADC dose groups with vs. without co-dosing of 

PBSE. By decreasing off-site toxicity, anti-DM4 PBSE treatment enabled mice to tolerate 

the 100 mg/kg ADC dose, allowing complete regression of the MOLM-14 xenograft tumors. 

Of note, our study did not include a negative control PBSE antibody fragment. Although 

administration of a non-binding fragment is not expected to influence ADC-induced toxicity 

or anti-tumor activity, negative control PBSE will be included in future work.

Besides toxicities driven by unconjugated payloads, non-specific uptake of intact ADCs in 

healthy tissues might also contribute to off-target toxicities [5]. For example, hepatotoxicity 

is one of the significant off-target toxicities associated with DM1- and DM4-ADCs in 

pre-clinical and clinical studies [41]. Recently, Endo et al. suggested that the cytoskeleton-

associated protein 5 (CKAP5) expressed on the hepatocyte cell surface could interact with 

maytansinoid-based ADCs, leading to plasma membrane disruption and cell apoptosis 

[42, 43]. This interaction is independent of the antibody target and highly specific 
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for maytansinoid payloads, including DM1 and DM4. Additionally, ocular toxicity is 

another dose-limiting clinical adverse event associated with DM4-ADCs and MMAF-ADCs 

[44]. Data from Zhao et al. suggested that uptake of intact ADCs via nonspecific 

macropinocytosis by corneal cells might contribute to the ocular toxicity associated 

with ADC treatments [45]. In addition, they demonstrated that modifying charges or 

hydrophobicity of the ADCs decreased the nonspecific uptake of ADCs into human corneal 

epithelial cells in vitro and reduced ocular toxicity in vivo. The impact of PBSE on the 

off-target toxicities driven by the uptake of intact ADCs will be pursued in subsequent 

studies.

The application of inverse targeting for ADCs is a unique strategy for mitigating payload-

associated ADC toxicities without requiring alteration of the structure or composition of 

the ADC; thus, the inverse targeting strategy may be employed to optimize therapy with 

ADCs that are on the market and in current clinical development. Several approaches have 

been introduced to limit the off-target toxicity of ADCs, including modifications of either 

the targeting antibody [46, 47], the linker [16, 48], or the payload itself [13, 49–51]. As all 

of these approaches require alterations of the structure of ADCs, and because each ADC 

is unique and may behave differently, these approaches may not be easily translatable from 

one ADC to another. On the other hand, anti-payload PBSE could be used as an adjuvant to 

existing ADCs. Even though more than a hundred ADCs are being developed, there are only 

six classes of payload that make up for more than 95% of ADCs [36, 52, 53]. Therefore, 

PBSE with affinity for a given payload, or family of payloads, may be applied to optimize 

therapy with many ADCs.

In addition to anti-cancer efficacy that is driven by antigen-mediated internalization of 

intact ADC agents, ADCs with cleavable linkers may have additional anti-tumor activity 

through the bystander effect, where released payload distributes from ADC-targeted cells 

to neighboring cells and causes cell death. For example, the released payload of MMAE-

conjugated ADCs demonstrates a potent bystander effect on antigen-negative cells in in 
vitro co-culture systems [54]. Studies using patient-derived xenograft models treated with 

MMAE-ADCs indicated that bystander activity is also relevant in vivo [55, 56]. Similar 

observations can be found with maytansinoid-conjugated and PBD-conjugated ADCs [57, 

58]. In addition, clinical data from patients treated with brentuximab vedotin, an FDA-

approved anti-CD30-MMAE ADC, show no correlation between clinical outcome vs. CD30 

expression, suggesting that the bystander effect might provide an essential role in clinical 

efficacy [59]. For our inverse targeting strategy, evaluating the impact of payload binders 

on the bystander effect is a primary concern. In this manuscript, our in vivo study has 

shown no negative impact of co-dosing of anti-DM4 PBSE on the efficacy of the 7E7-

DM4 ADC in a MOLM-14 xenograft model. We are unaware of a validated bystander 

xenograft model to allow in vivo testing of the effects of PBSE on bystander activity in 

the context of AML. However, we have recently demonstrated that anti-MMAE PBSE does 

not negatively impact the efficacy of trastuzumab-vc-MMAE in a “bystander” HER2+/HER- 

NCI-N87/MCF7 xenograft model, suggesting that our PBSE optimization strategy may 

be employed without loss of within-tumor bystander activity [11]. In summary, we have 

demonstrated the utility and feasibility of our inverse targeting strategy for ADCs, where 

co-dosing of anti-maytansinoid PBSE and maytansinoid-based ADCs enables reduced ADC 
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toxicity, increases in the ADC MTD, and increases in ADC anti-tumor efficacy. Our initial 

results will require confirmation in dedicated toxicology studies, and engineering (e.g., for 

half-life extension) will be needed to enable more convenient PBSE dosing. Optimization 

of PBSE characteristics and dosing will be pursued in future work and may allow further 

improvements in ADC selectivity and efficacy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Inverse targeting strategy to reduce ADC toxicity associated with free payload.
(A) Major uptake mechanisms for ADCs and cytotoxic payloads. ADCs are internalized into 

targeted cells by receptor mediated endocytosis, and the drug linker is catabolized within the 

lysosomal space releasing the payload. Free payload can diffuse out of targeted cells, or cells 

that non-specifically degrade ADC, and into untargeted healthy cells resulting in off-target 

toxicities. (B) Proposed “inverse targeting” strategy to block off-target toxicity related to 

free payload exposure. Payload-binding agents (e.g., single domain antibodies, sdAb) bind 

and “neutralize” released payload in extracellular fluid (e.g., plasma), blocking diffusion of 

released payload across plasma membranes of untargeted cells, while not interfering with 

the receptor-mediated endocytosis of ADCs by targeted cancer cells.
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Figure 2. Simulations to predict the impact of anti-maytansonoid single-domain antibodies 
(sdAb) on DM4 and S-methy DM4 pharmacokinetics following ADC dosing.
(A) A two-compartment model was used to simulate the plasma pharmacokinetics of anti-

DM4 sdAb. Binding of the sdAb to conjugated DM4, free DM4 payload, and the metabolite 

S-methyl-DM4 was described with kon and koff rate constants. A complete description of the 

model structure is provided in the methods section. (B) Model simulation of ADC and free 

payload plasma concentrations with or without co-administration of an anti-maytansinoid 

sdAb (inhibitor). The model predicts that co-administration of the anti-maytansinoid sdAb 

at a ten-fold molar ratio relative to DM4 significantly reduces the plasma concentrations of 

unconjugated DM4 and S-methyl-DM4. (C) Impact of anti-DM4 sdAb on the area under the 

DM4 and S-methyl-DM4 plasma concentration vs. time curves (AUCs). Co-administration 

of anti-maytansinoid sdAb is predicted to decrease DM4 and S-methyl-DM4 plasma AUCs 

by 46% and 61%, respectively.
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Figure 3. Binding evaluation of the anti-maytansinoid sdAbs to DM4.
(A) Affinity characterization of the derivative anti-maytansinoid single-domain antibodies 

(sdAb) to free DM4. Binding activity of the sdAbs against free DM4 was evaluated via 

competitive enzyme linked immunosorbent assay (ELISA). The concentration of each anti-

DM4 sdAb was held constant, and free DM4 at concentrations ranging from 0.1 nM to 1 μM 

were added. Solutions were incubated for 30 minutes before being added to an ELISA plate 

coated with DM4-biotin-avidin. The fraction bound (%A/A0) of the sdAbs to immobilized 

DM4 decreased with increasing concentrations of free DM4. Points represent the mean 

of samples in triplicate with standard deviations depicted by the error bars. All clones 

isolated from the mutated library have moderate to high affinity to free DM4, with IC50 

values ranging from 10 nM to 56 nM. The calculated binding IC50s are reported in Table 

S3. (B) Anti-maytansinoid sdAbs potently inhibit DM4 cytotoxicity. SK-BR-3 cells were 

incubated with DM4 (100 pM – 1000 nM) with or without co-incubation with 10 μM of 

purified anti-maytansinoid sdAb over a 24 h exposure period, following with viability assay 

to assess cell cytotoxicity. The results were normalized to cells treated with vehicle control 

and reported as % cell viability. The data was fitted for cytotoxic IC50 values with Hill 

slope in GraphPad Prism software. Each data point represents the mean of triplicate samples 

with standard deviations shown with error bars. The IC50 of DM4 applied to SK-BR-3 cells 

was between 0.3 to 0.4 nM. In the presence of 10 μM of purified anti-DM4 sdAbs, DM4 

cytotoxicity was reduced up to 250-fold. Calculated IC50s are reported in Table S3.
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Figure 4. Binding evaluation of the anti-maytansinoid sdAbs to S-methyl-DM4.
(A) Affinity assessment of the sdAbs against S-methyl-DM4 was evaluated via competitive 

enzyme linked immunosorbent assay (ELISA). The concentration of each anti-DM4 sdAb 

was held constant, and free S-methyl-DM4 at concentrations ranging from 0.1 nM to 1 μM 

were added. Solutions were incubated for 30 minutes before being added to an ELISA plate 

coated with DM4-biotin-avidin. The fraction bound (%A/A0) of the sdAbs to immobilized 

DM4 decreased with increasing concentrations of free S-methyl-DM4. Points represent the 

mean of samples in triplicate with standard deviations depicted by the error bars. The 

two lead clones, DMFH1 and DMOH9, exhibit binding IC50 values to S-methyl-DM4 

of 14.9 and 19.4 nM, respectively. (B) The lead anti-maytansinoid sdAbs potently inhibit 

S-methyl-DM4 cytotoxicity. SK-BR-3 cells were incubated with DM4 (30 pM – 1000 nM) 

with or without co-incubation with 10 μM of purified anti-maytansinoid sdAbs over a 24 h 

exposure period, following with viability assay to assess cell cytotoxicity. The results were 

normalized to cells treated with vehicle control and reported as % cell viability. The data 

was fitted for cytotoxic IC50 values with Hill slope in GraphPad Prism software. Each data 

point represents the mean of triplicate samples with standard deviations shown with error 

bars. The IC50 of S-methyl-DM4 applied to SK-BR-3 cells was less than 30 pM. In the 

presence of purified anti-DM4 sdAbs, DMFH1 and DMOH9, S-methyl-DM4 cytotoxicity 

was reduced more than 100-fold to IC50s of 3.93 nM and 4.10 nM, respectively.
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Figure 5. Co-administration of anti-maytansinoid payload-binding selectivity enhancer (PBSE) 
widens the therapeutic index of 7E7-DM4 ADC.
(A) Dosing schedule of ADC and anti-DM4 PBSE. (B) Co-administration of anti-DM4 

PBSE reduced ADC-associated body weight loss. Swiss-Webster mice were treated with 

phosphate-buffered saline (PBS) vehicle control, a single intravenous dose of 55 mg/kg 

7E7-DM4 followed by PBS, or 55 mg/kg 7E7-DM4 i.v. with co-dosing with a 10-fold 

mole-equivalent dose of anti-maytansinoid PBSE via intraperitoneal injections. Percent body 

weight was calculated with respect to the body weight on the day prior to treatment. 

Symbols and error bars represent the mean and the standard deviations of the percent body 

weight (n = 5 per group). Mice administered PBSE with 7E7-ADC had a significantly 

decreased nadir body weight loss from a mean of 7.9% for ADC+PBS group to 3.8% for 

ADC+PBSE group (p=0.023). (C) In vivo efficacy of 7E7-DM4 ADC when administered 

alone or with anti-maytansinoid sdAb. Mice bearing MOLM-14 AML xenografts were 

treated with a single IV bolus dose of either PBS (black), 1 mg 7E7-DM4 ADC/kg (purple), 

10 mg ADC/kg (blue), or 100 mg ADC/kg (red) followed up with IP co-administration of 

PBS or 10-fold molar excess of anti-maytansinoid PBSE. The tumor volumes over time for 

each group are provided with standard deviation error bars. Co-administration of the PBSE 

did not negatively affect the anti-tumor activity of the ADC. (D) Survival curves are shown 

for each group. Co-administration of the anti-maytansinoid PBSE did not significantly alter 

survival for mice treated with the ADC at a dose of 1 mg/kg (p=0.49) or 10 mg/kg (p=0.9). 

In the 100 mg/kg ADC dose groups, excessive morbidity was observed in the mice treated 
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without PBSE, with an observed median survival time of 5 days. Co-administration of PBSE 

significantly decreased ADC-associated toxicity and substantially increased survival time.

Nguyen et al. Page 24

Mol Cancer Ther. Author manuscript; available in PMC 2024 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	METHODS
	Pharmacokinetic modeling
	ADC PK
	SdAb-bound ADC PK
	Anti-maytansinoid sdAb PK
	DM4 PK
	S-methyl-DM4 PK
	Generation of anti-CD123 DM4-ADCs
	Development of anti-maytansinoid sdAbs
	Immunization and library construction
	Phage panning to enrich anti-DM1/DM4 sdAb binders
	Screening of anti-DM1/DM4 single domain antibodies
	Affinity maturation of the anti-DM4 sdAbs

	In vitro cell cytotoxicity assay
	In vivo tolerability investigations
	In vivo efficacy study
	Data availability

	RESULTS
	PK/PD modeling and simulation
	Generation of anti-CD123 DM4-ADCs
	Anti-maytansinoid sdAbs development
	In vivo tolerability
	In vivo efficacy

	DISCUSSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.

