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ABSTRACT
◥

The most successful therapeutic strategies for locally advanced

cancers continue to combine decades-old classical radiosensitiz-

ing chemotherapies with radiotherapy. Molecular targeted radio-

sensitizers offer the potential to improve the therapeutic ratio by

increasing tumor-specific kill while minimizing drug delivery and

toxicity to surrounding normal tissue. Auristatins are a potent

class of anti-tubulins that sensitize cells to ionizing radiation

damage and are chemically amenable to antibody conjugation.

To achieve tumor-selective radiosensitization, we synthesized

and tested anti-HER2 antibody–drug conjugates of two auristatin

derivatives with ionizing radiation. Monomethyl auristatin E

(MMAE) and monomethyl auristatin F (MMAF) were attached

to the anti-HER2 antibodies trastuzumab and pertuzumab

through a cleavable linker. While MMAE is cell permeable,

MMAF has limited cell permeability as free drug resulting in

diminished cytotoxicity and radiosensitization. However, when

attached to trastuzumab or pertuzumab, MMAF was as effica-

cious as MMAE in blocking HER2-expressing tumor cells in G2–

M. Moreover, MMAF anti-HER2 conjugates selectively killed

and radiosensitized HER2-rich tumor cells. Importantly, when

conjugated to targeting antibody, MMAF had the advantage of

decreased bystander and off-target effects compared with

MMAE. In murine xenograft models, MMAF anti-HER2 anti-

body conjugates had less drug accumulated in the normal tissue

surrounding tumors compared with MMAE. Therapeutically,

systemically injected MMAF anti-HER2 conjugates combined

with focal ionizing radiation increased tumor control and

improved survival of mice with HER2-rich tumor xenografts.

In summary, our results demonstrate the potential of cell-

impermeable radiosensitizing warheads to improve the thera-

peutic ratio of radiotherapy by leveraging antibody–drug con-

jugate technology.

Introduction
Nonmetastatic, locally advanced cancers remain a therapeutic

challenge to eradicate. Their infiltrative nature into surrounding

critical normal structures precludes surgical resection. For such

patients, combining chemotherapy and radiotherapy forms the basis

of organ-sparing curative treatment (1–3). The paradigm of concur-

rent cytotoxic chemotherapy [i.e., cisplatinum, paclitaxel, 5-fluoro-

uracil (5-FU), and mitomycin C] and radiotherapy was established

over four decades ago (4). Subsequent randomized control trials across

diverse tumor histologies have consistently demonstrated superior

tumor control, organ preservation, and/or patient survival when

radiotherapy is delivered with chemotherapy (4–10).

Although cytotoxic chemotherapies improve tumor control with

radiotherapy, these nontargeted drugs increase normal tissue damage

in the irradiated field in addition to their systemic toxicities (1–3).

Treatment-induced side effects during therapy interfere with deliver-

ing full-dose chemotherapy and radiotherapy resulting in treatment

delays and/or dose reduction negatively affecting patient outcomes.

Moreover, long-term normal tissue collateral damage diminishes

patient quality of life. Finally, dose-limiting toxicities preclude further

treatment intensification to improve cancer cure. For these reasons,

more targeted means of achieving tumor radiosensitization are

needed (1, 2, 11–14). Elucidating the molecular underpinnings of

cellular responses to ionizing radiation (IR) and DNA damage have

identified druggable targets to improve IR kill. Unfortunately, clinical

success with inhibitors of DNA damage repair is lacking (15–17). One

explanation for the lack of progress beyond current chemoradiother-

apy regimens is that conventional cytotoxic chemotherapies set a high

bar thatmore targeted radiosensitizing drugs have difficulty surpassing

because in addition to any radiosensitization potential, cisplatin,

taxanes, and 5-FU have an established role in cancer therapy for their

intrinsic tumoricidal activity (3).

An alternative strategy to improve the chemoradiotherapy para-

digm is using cytotoxins more potent than standard chemotherapies

with the caveat of restricting drug delivery to tumors and limiting

normal tissue damage both in and out of the irradiated field by

leveraging antibody–drug conjugate (ADC) technology (18–20).

ADCs split the roles of tumor targeting and cell killing into two

distinct molecular tasks. Targeting is achieved by antibodies recog-

nizing cell surface receptors preferentially expressed on tumor cells.
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Tumor kill is mediated by the release of attached drug payload, that is,

warhead. Following receptor-mediated binding of the antibody, the

warhead is specifically delivered to target-enriched tumors. Patient

safety and efficacy have been established with at least five ADCs,

brentuximab vedotin (Adcetris, Seattle Genetics), T-DM1 (Kadcyla,

Roche-Genentech), inotuzumab ozogamicin (Besponsa, Pfizer), gem-

tuzumab ozogamicin (Mylotarg, Pfizer), and polatuzumab vedotin

(Polivy, Roche-Seattle Genetics; refs. 21–28).

The monomethyl auristatin E (MMAE) and mertansine warheads

for three of these clinically approved ADC (brentuximab vedotin,

polatuzumab vedotin, and T-DM1) are anti-tubulins that can

radiosensitize (29–31). However, both of these anti-tubulins are cell

permeable as free drug. Release of cell-permeable warheads from

ADCs in the context of concurrent radiotherapy raises concerns of

bystander toxicity and surrounding normal tissue radiosensitization.

This would negate the therapeutic gain of ADC-guided drug delivery

with IR. An indirect solution to this problemuses a noncleavable linker

(i.e., T-DM1), where lysosomal processing results in a slow release of a

lysine conjugated to mertansine via a noncleavable thioether linker

producing a diffusion-restricted drug (32). However, release of

noncleavable linkers from lysosomes is slow, and trafficking reg-

ulators influence ADC toxicity (33, 34). A more direct strategy to

decrease off-target bystander toxicity is to use radiosensitizing

warheads that are intrinsically less cell permeable when released

from the targeting antibody. MMAE belongs to a family of aur-

istatin derivatives that block cells in the radiosensitive G2–M phase

of the cell cycle. Although MMAE freely diffuses into cells, the

monomethyl auristatin F (MMAF) derivative has decreased cell

permeability as a free drug resulting in reduced cytotoxicity (35, 36).

Importantly, MMAF can be coupled to targeting antibodies via a

cleavable linker that is efficiently processed within endolysosomes

to maintain receptor-restricted tumor kill.

To improve the therapeutic ratio of auristatin ADCs in the context

of localized cancers treated with radiotherapy, we synthesized anti-

HER2 antibody conjugates ofMMAF and tested themwith IR.MMAF

attached to anti-HER2 antibodies pertuzumab (P-MMAF) or trastu-

zumab (T-MMAF) blocked cells in G2–M resulting in cell kill and

radiosensitization of HER2-expressing cells in vitro. When directly

compared with MMAE, antibody-conjugated MMAF had decreased

bystander cytotoxicity in cell culture. Advancing to murine tumor

xenograft models, intravenously injected Cy5-labeled P-MMAF and

T-MMAF spatially localized to HER2-overexpressing tumors. Impor-

tantly, MMAF antibody conjugates had lower drug accumulation in

the normal tissue surrounding HER2-positive tumors compared with

MMAE. Finally, MMAF anti-HER2 antibody conjugates combined

with IR increased tumor control andmouse survival. In summary, our

data demonstrate antibody conjugates of a nonpermeable auristatin

variant are tumoricidal and radiosensitizing while reducing bystander

toxicity and have translational potential for improving the chemor-

adiotherapy paradigm.

Materials and Methods
Cells and reagents

HCT116 colorectal and NCI N87 gastric cancer cell lines were

obtained and authenticated by the ATCC. Esophageal cancer cell line

OE19 was obtained from Sigma-Aldrich and authenticated by

European Collection of Authenticated Cell Cultures (ECACC).

HCT116 cells were cultured in DMEM supplemented with 10% FBS.

OE19 and NCI N87 cells were cultured in RPMI supplemented with

10% FBS. On initial receipt, cell lines were expanded and low-passage

stocks cryopreserved without further authentication testing. Cells were

passaged 2 times per week and used for 4 to 6 weeks after which a new

stock vial was thawed. Cells were routinely tested for Mycoplasma by

PCR, and testing was performed prior to cell implantation in mice for

xenograft experiments. Cell line HER2 status was tested by immuno-

blotting. MMAE and MMAF (Levena Biopharma) were reconstituted

in DMSO. Clinical-grade trastuzumab and pertuzumab were obtained

from UCSD Moores Cancer Center pharmacy.

Synthesis of Cy5-labeled anti-HER2 antibody conjugates of

MMAE and MMAF

Pertuzumab and trastuzumab MMAF and MMAE conjugates were

synthesized using established methods (37, 38). Specifically, a solution

(1 mL, 2 mg/mL) of pertuzumab (Perjeta, Roche) or trastuzumab

(Herceptin, Roche) was treated with sodium bicine buffer (100 mL, 1

mol/L, pH 8.3) and sodiumdiethylenetriaminepentaacetic acid (10mL,

100 mmol/L, pH 7). Following reduction with 4 equivalents of tris

(carboxyethyl)phosphine (TCEP) at 37�C for 2 hours, the solution was

added to four equivalents of maleimidocaproyl-valine-citrulline-

PABA-MMAE (MC-VC-MMAE, Levena Biopharma) or maleimido-

caproyl-valine-citrulline-PABA-MMAF (MC-VC-MMAF, Levena

Biopharma; refs. 39, 40). After 30 minutes at room temperature,

Cy5-maleimide (two equivalents) was added and after 30 minutes,

gel-filtered (Sephadex G25, 0.6 g) eluting with PBS. Following cen-

trifugal concentration (Centricon 30 kDa MWCO) to 500 mL, con-

centration of antibody and Cy5 was determined by absorbance using

extinction coefficients of 225,000 L/mol/cm (antibody) at 280 nm

and 12,500 M�1cm�1 and 250,000 L/mol/cm at 280 nm and 650 nm,

respectively, for Cy5. Hydrophobic interaction chromatography after

labeling with MMAE or MMAF revealed 9 peaks corresponding to

antibody modified with 0 to 8 MMAE or MMAF derivatives if up to 4

disulfides are reduced by TCEP per antibody (Supplementary Fig. S1).

Subsequent Cy5-maleimide labeling gave 650 nm absorbance to each

peak apart from that labeled with 8MMAE or 8MMAF as no cysteines

are available for further conjugation (Supplementary Fig. S1). Drug

loading was measured by denaturing reverse-phase high-performance

liquid chromatography (HPLC) of the reaction mix prior to adding

Cy5maleimide. Peaks corresponding to light or heavy chains with 0 to

3MMAE orMMAFwere identified by electrospraymass spectroscopy

(Supplementary Fig. S1), and peak areas at 280 nmwere integrated and

weighted to calculate drug loading. Modified light chain (L1) and

unmodified H chain (H0) were not resolved for trastuzumab so

MMAE loading is underestimated. No free MC-VC-MMAE or

MC-VC-MMAF were detected by HPLC following gel filtration (41).

ADC cell binding

For Cy5 imaging, cells were exposed to Cy5-labeled P-MMAF or T-

MMAF for 30 minutes in media with 1% serum. Cells were then

washed with PBS and incubated in media with 10% serum. At 2 hours,

cells were fixed in 4% paraformaldehyde, stained with DAPI, and

imaged using a Nikon A1R confocal microscope for Cy5 and DAPI

signal. For ADC cell surface binding, cells were resuspended in cold

PBS with 1% BSA. Cy5-labeled pertuzumab-MMAE (P-MMAE),

P-MMAF, trastuzumab-MMAE (T-MMAE), or T-MMAF was added

to the cells for 30 minutes on ice. Cells were washed, resuspended in

PBS with 1% BSA and 1 mg/mLDAPI, and analyzed by flow cytometry

for Cy5. The y axis is reported as a percentage ofmaximumwhere each

peak has been normalized to the peak height at itsmode of distribution

resulting in each peak with a maximum set at 100%. Data were

analyzed using FlowJo software as described in the Univariate Display

Comparison section of the software manual.
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Cell cycle

Cells were drug treated for 24 hours, fixed in 70% ethanol, treated

with FxCyclePI/RNase staining solution (Life Technologies), and then

analyzed by FACS using FlowJo software.

Alamar Blue assay

Cells were plated in 96-well plates and exposed to a drug concen-

tration range for 72 hours. Alamar Blue was added to the cells and

allowed to incubate for 4 to 8 hours at 37�C. Plates were analyzed using

a plate reader with fluorescence measured at 560 nm. Cell survival was

normalized to untreated cells. For bystander cytotoxicity assays,

conditioned media were collected from drug-treated host cells after

48 hours. Target cells were then exposed to conditioned media for

72 hours and analyzed by Alamar Blue.

Neutral comet assay

Cells were drug treated overnight and then irradiated with 2 Gy.

Cells were harvested 20minutes after IR, suspended in agarose gel, and

lysed (Trevigen). Samples underwent electrophoresis in neutral con-

ditions and stained with Sybr Green. Comet tails were measured in

multiple independent fields and analyzed using CometScore (TriTek

Corp). Comet tail length was normalized to nonirradiated cells.

Tumor drug measurement

All animal work was done in compliance with the University of

California San Diego Institutional Animal Care and Use Commit-

tee (42). Six- to 8-week-old female athymic nu/nu mice from the

University ofCalifornia SanDiegoAnimalCare Programwere injected

subcutaneously with 5millionHCT116, OE19, orNCIN87 cells in 100

mL of 1:1 Matrigel (BD Biosciences) and PBS solution. When tumors

were palpable, mice were intravenously injected through the tail vein

with 1 nmol of ADC in 50 mL of PBS. Tumors were excised on days

indicated in figure legends, weighed, and homogenized in 10 v/w of 2%

acetic acid in 1:1 acetonitrile: water with a point sonicator (Thermo

Fisher Scientific) using an amplitude range of 5%–15% for 20 seconds

on ice. Homogenates were centrifuged (14 � g, 10 minutes), and

supernatants were collected for drug concentration measurements

using LC/MS-MS. MMAE or MMAF concentration was determined

by LC/MS-MS with Luna-2 C18 column and Agilent Trap XCT mass

spectrometer. To determine MMAF tissue concentrations, ion cur-

rents for m/z 722.4 and 607.4 were extracted from fragmented m/z

754.5, and m/z 700.4 and 520.4 were extracted from fragmented m/z

732.5. Ion currents were integrated and combined to improve sensi-

tivity. ForMMAE tissue concentrations, integrated ion currents form/

z 682.4, 496.4 and m/z 686.4, 506.4 extracted from fragmented m/z

740.4 and 718.4, respectively, were combined. The total ion currentwas

fit to a standard curve generated for each drug to quantitate tissue drug

concentration.

IHC

When tumors were palpable, mice were intravenously injected

through the tail vein with drug. Tumor and adjacent normal tissue

muscle were excised at time points indicated in the Results and figure

legends. Tissue was sectioned from formalin-fixed, paraffin-embedded

blocks. Two adjacent 5 mm sections were cut and placed in the same

slide. Sections were stained with antibody to phospho S10-histone H3

diluted 1:450 (Abcam; catalog no. ab32107) on a Ventana Discovery

Ultra (Ventana Medical Systems). Antigen retrieval was performed

using CC1 (tris-based; pH 8.5) for 24 minutes at 95�C. Primary

antibody was incubated for 1 hour at 37�C. Secondary antibody

(horseradish peroxidase–coupled goat anti-rabbit; UltraMap system;

Ventana) was incubated for 12minutes at 37�C. Primary antibody was

visualized using DAB as a chromagen followed by hematoxylin

counterstaining. Slides were rinsed, dehydrated through alcohol and

xylene, and coverslipped. Serial sections were also hematoxylin and

eosin (H&E) stained.

Slide scanning and immunostaining quantitation

Phospho S10-histone H3–stained slides were scanned using Axio

Scan.Z1 and Zen2 software for automatic thresholding and tissue

detection (Zeiss). The entire tissue section was scanned at 20X using

default stitching parameters to merge individual tiles into a single

image. Slide images were imported into Definiens Software for quan-

titative analysis using color contrast of the DAB and hematoxylin

counterstain to identify regions of interest (ROI; Definiens). Software

was trained to identify ROI. Total number of nuclei (hematoxylin-

positive plus pS10 Histone H3-immunoreactive nuclei), stain inten-

sity, stain area, and percent positive nuclei pS10 Histone H3/(pS10

Histone H3þhematoxylin) within the ROI based upon training were

quantitated. Data were normalized to untreated control tumors.

In vivo tumor xenograft optical imaging

Tumor volumewasmeasuredwith digital calipers using the formula
1/2� Length�Width2. After tumors grew to approximately 200 mm3

size, mice were intravenously injected through the tail vein with

1 nmol of drug in 50 mL water. Mice were anesthetized with isoflurane

24 hours after injection and whole animal Cy5 fluorescence visualized

using a Xenogen IVIS 200 Imaging System. Cy5.5 excitation and

emission filters were used with the following settings: 0.5-second

exposure time, medium binning, lamp level high and filter lock.

Fluorescence images were processed with Caliper Lifesciences Living

Imaging software version 4.2.

In vivo tumor xenograft response experiments

Mice were randomized into treatment groups once mean tumor

volumes reached >100 mm3. Drug was intravenously injected through

the tail vein in 50 mL. Following a single injection of ADC on day 0,

tumors were irradiated with 2.5 Gy on days 1, 2, and 3. For irradiation,

tumor-bearing hind limbs were focally irradiated with the remainder

of themouse shieldedwith custom lead blocking>95%of the IRdose as

verified by dosimeters. To prevent unnecessary morbidity, mice were

sacrificed if tumor length exceeded 15mm.Tominimize the number of

mice used, tumors were grown in bilateral flanks. For NCI N87 tumor

xenografts in Fig. 5B, the number of mice and tumors per group

were: Control (5 mice, 10 tumors), P-MMAF (5 mice, 10 tumors), and

T-MMAF (5 mice, 10 tumors). For NCI N87 tumor xenografts

in Fig. 5D, the number of mice and tumors per group were: control

(2 mice, four tumors), IR (3 mice, six tumors), T-MMAF (5 mice,

10 tumors), and T-MMAFþ IR (5 mice, 10 tumors). For OE19 tumor

xenografts in Fig. 5G, the number of mice and tumors per group were:

control (5 mice, 10 tumors), IR (5 mice, 10 tumors), pertuzumab

(5 mice, 10 tumors), pertuzumabþ IR (5 mice, 10 tumors), P-MMAF

(5 mice, 10 tumors), and P-MMAF þ IR (5 mice, 10 tumors).

Statistical analysis

Unpaired two-sided t tests or ANOVA with multiple comparisons

were performed for cell culture experiments. For tumor regression

studies, two-way ANOVA analysis was performed with Tukey mul-

tiple comparison group. Survival curves were analyzed by the Log-

rank. All statistical analyses were performed using Prism software

(GraphPad). Statistical analysis for tumor xenograft data are shown in

Supplementary Table S1.
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Results
Synthesizing MMAF anti-HER2 antibody conjugates

An advantage of auristatins is that they are highly potent cytotoxic

drugs. Compared with conventional chemotherapies used with radio-

therapy (i.e., paclitaxel and cisplatin) or a more specific EGFR/HER2

tyrosine kinase inhibitor (lapatinib), MMAE had a significantly lower

IC50 in gastrointestinal cancer cell lines (Fig. 1A). To improve the

therapeutic index of auristatin ADC when combined with IR, we

evaluated MMAF which structurally differs from MMAE by having a

charged phenylalanine on its C-terminus, impairing its cell membrane

permeability (Fig. 1B; ref. 35). As a consequence of this modification,

free MMAF has reduced potency compared with MMAE (Fig. 1A).

Like MMAE, MMAF is chemically amenable to antibody conjugation.

Therefore, we synthesized ADCs by conjugatingMMAF to anti-HER2

antibodies pertuzumab and trastuzumab at endogenous cysteines by

selective reduction of four disulfides in the antibody hinge region to

create P-MMAFandT-MMAF, respectively (37, 39). To noninvasively

track P-MMAF and T-MMAF, Cy5 was attached. On average, 4

MMAF and 1 Cy5 were conjugated per antibody (Fig. 1C). Similarly,

MMAE was attached to pertuzumab and trastuzumab, P-MMAE and

T-MMAE. Synthesized native ADCs were analyzed by hydrophobic

interaction chromatograms and drug loadingmeasured by denaturing

reverse-phase protein chromograms with electrospray mass spectros-

copy (Supplementary Fig. S1). To test binding of these synthesized

pertuzumab and trastuzumab ADCs, we used gastrointestinal cancer

cell lines differing in HER2 expression (Fig. 1D; Supplementary

Fig. S2A). HER2-rich gastric NCI N87 and esophageal OE19 cell lines

or HER2-negative colorectal HCT116 cell lines were incubated with

Figure 1.

MMAF antibody conjugates selectively

bind HER2-expressing cells. A, IC50 of

MMAE and MMAF compared with che-

motherapy drugs in NCI N87, OE19, and

HCT116 cells. B, Chemical structures of

MMAE and MMAF, with differences cir-

cled. C, Schematic representation of 4

MMAF drugs attached to a targeting

antibody through maleimidocaproyl-

valine citrulline-para amino benzyl car-

bamoyl linkers and Cy5 attached

through maleimide to reduced hinge

disulfides of cysteine. D, HER2 expres-

sion in cell lines. Immunoblot for total

HER2 from cell lysates. E, ADC binding

to HER2-positive (NCI N87 and OE19)

and HER2-negative (HCT116) cells by

microscopy. Cells exposed to 2 nmol/L

of Cy5-labeled MMAF conjugated to

pertuzumab (P-MMAF) or trastuzumab

(T-MMAF) for 30minutes and then incu-

bated in drug-free media. Cells fixed

2 hours later and imaged for Cy5 fluo-

rescence (magenta). Nuclei stainedwith

DAPI (blue). White scale bar, 10 mm. F,

Cell surface binding of ADC by flow

cytometry. Cells incubated on ice with

Cy5-labeled ADC and Cy5 signal mea-

sured by flow cytometry and plotted

as percent of maximum. Each peak

normalized to the peak height at its

mode of distribution resulting in each

peak'smaximumset at 100% (� ,P<0.05;
�� , P < 0.01).
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Cy5-labeled P-MMAF and T-MMAF and fluorescence visualized

(Fig. 1E; Supplementary Fig. S2B). Both P-MMAF and T-MMAF

bound specifically to HER2-expressing cells. To validate these obser-

vations and test MMAF antibody conjugate binding compared with

MMAE, cell surface–bound Cy5-labeled ADCwas quantitated by flow

cytometry (Fig. 1F). Both NCI N87 and OE19 cells exhibited dose-

dependent cell surface binding of P-MMAF, P-MMAE, T-MMAF, and

T-MMAE. The cell surface binding of pertuzumab or trastuzumab was

independent of conjugated drug warhead, i.e., MMAE or MMAF. In

contrast, HER2-negativeHCT116 cells showed no shift in fluorescence

signal when incubated with Cy5-labeled pertuzumab or trastuzumab

auristatin conjugates.

Antibody conjugation is necessary for MMAF cytotoxicity and

radiosensitization

We next evaluated the anti-tubulin functionality of auristatin

warheads attached to pertuzumab or trastuzumab (Fig. 2A). Free

MMAE resulted in all cell lines accumulating in G2–M irrespective

of HER2 status. However, pertuzumab or trastuzumab conjugation

restricted MMAE G2–M block to HER2-positive cells. Although

free MMAF did not influence cell-cycle distribution, P-MMAF and

T-MMAF both blocked NCI N87 and OE19 cells in G2–M but had

no effect on HER2-negative HCT116 cells. In contrast to the stark

functional differences seen with free MMAE and MMAF, anti-

HER2 antibody conjugates of both auristatin derivatives produced

similar cell-cycle profiles in HER2-expressing cells. Next, we eval-

uated the potency of MMAF antibody conjugates (Fig. 2B). Cells

were drug treated for 72 hours and viability measured. Consistent

with the cell-cycle profiles, MMAE indiscriminately killed cancer

cells with high potency irrespective of HER2 status, whereas free

MMAF had significantly reduced potency. The IC50s of free MMAE

and MMAF were 0.7 and 88.3 nmol/L in NCI N87 cells, 1.5 and

386.3 nmol/L in OE19 cells N87, and 8.8 nmol/L and 8,944 nmol/L

in HCT116 cells, respectively. Importantly, P-MMAF and T-MMAF

conjugates had potencies comparable with free MMAE in HER2-

expressing cell lines. The IC50 of P-MMAF and T-MMAF was 0.07

and 0.09 nmol/L in NCI N87 cells and 0.16 and 0.18 nmol/L in

OE19 cells, respectively. In contrast, P-MMAF and T-MMAF were

essentially nontoxic in HCT116 cells. Finally, we tested the ability of

MMAF antibody conjugates to radiosensitize by increasing DNA

double-strand breaks (Fig. 2C). Although MMAE significantly

increased IR-induced DNA damage, free MMAF did not potentiate

Figure 2.

MMAF cytotoxicity and radiosensiti-

zation require antibody conjugation.

A, Cell-cycle distribution of drug-

treated cells. NCI N87, OE19, and

HCT116 cells treated with 2 nmol/L

of free auristatin (MMAE or MMAF),

anti-HER2 antibody (pertuzumab or

trastuzumab), or ADC (P-MMAE,

P-MMAF, T-MMAE, or T-MMAF) over-

night, stained with propidium iodide,

and analyzed by flow cytometry.

B, Cytotoxicity of free drug, anti-

body, or ADC-treated cells. Cells

exposed to a dose range of drug for

72 hours. Cell viability measured by

Alamar Blue assay, normalized to

control untreated cells, and plotted

as mean fractional survival � SD.

C, IR-induced DNA damage. Cells

treated with 1 nmol/L drug overnight,

irradiated with 2 Gy, and DNA dou-

ble-strand breaks measured by neu-

tral comet assay. Comet tail lengths

normalized to nonirradiated cells and

plotted as mean relative comet tail

length � SEM. Statistical signifi-

cances calculated using one-way

ANOVA with Tukey multiple compar-

isons test (� , P < 0.05; �� , P < 0.01;
���� , P < 0.0001).
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IR-mediated DNA damage. Importantly, P-MMAF and T-MMAF

demonstrated HER2-restricted radiosensitization by significantly

increasing IR-induced DNA damage to levels similar to free MMAE

in HER2-expressing NCI N87 and OE19 cells but not HER2-

negative HCT116 cells. Taken together, these findings establish the

necessity of antibody conjugation for MMAF tumor kill and

radiosensitization.

MMAF anti-HER2 antibody conjugates spatially target

HER2-expressing tumors

Improving the therapeutic ratio of concurrent chemoradiotherapy

can be achieved by selective systemic drug delivery to irradiated tumor

targets while avoiding adjacent normal tissue. To test this, we advanced

our ADC studies tomurine tumor xenograft models differing in HER2

expression. First, we measured ADC drug delivery to tissue (Fig. 3A).

Both P-MMAF and T-MMAF produced significantly higher drug

levels in HER2-positive NCI N87 and OE19 tumors compared with

HER2-negative HCT116 tumors. Moreover, tumor tissue was signif-

icantly enriched for MMAF compared with adjacent noncancerous

muscle in mice with HER2-expressing tumors. Next, we tested

MMAF's functional activity to block cells in G2–M by measuring

phosphorylation of Histone H3 at serine 10 (43). NCI N87 and

OE19 tumors harvested from mice treated with P-MMAF or T-

MMAF had prominent pS10 Histone H3 staining by IHC compared

with control or antibody alone–treated mice at 24 hours (Fig. 3B).

In NCI N87 tumors, P-MMAF and T-MMAF produced a 1.7- and

2.1-fold increase in pHistone H3 staining, respectively (Fig. 3C). In

OE19 tumors, P-MMAF and T-MMAF produced a 6.1- and 3.5-fold

increase in pHistone H3 staining, respectively. Importantly, HER2

specificity of ADC MMAF delivery was confirmed because HCT116

tumors treated with P-MMAF or T-MMAF showed no change in

pHistone H3.

MMAF antibody conjugates reduced bystander toxicity

To synthesize our ADCs, auristatins were attached to antibody

using MC-VC-PABC linkers (Fig. 4A). Upon receptor-mediated

Figure 3.

MMAF anti-HER2 antibody conjugates restrict

drug delivery to HER2 tumors. A, MMAF drug

concentration in tumor and peritumoral normal

tissue. NCI N87, OE19, and HCT116 tumor–

bearing mice intravenously injected with 1 nmol

of P-MMAF or T-MMAF. Tumor and adjacent

normal tissue muscle harvested 24 hours later.

Tissue drug concentrations quantitated by

LC/MS-MS and plotted as mean � SEM. B and

C, Tumor-bearing mice intravenously injected

with free antibody or MMAF antibody conjugate.

Tumors harvested 24 hours later and stained for

pS10 histone H3. B, Representative images of

pS10 histone H3 staining. Black scale bar, 10 mm.

C, Quantification of tumor pS10 histone H3.

Data normalized to untreated control tumor

tissue. Data plotted as mean relative tumor pS10

histone H3 � SEM. Statistical significances

were calculated using one-way ANOVA with

Tukey multiple comparisons test (�� , P < 0.01;
���, P < 0.001; ���� , P < 0.0001). ns, not

significant.
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internalization, the intervening valine–citrulline dipeptide is cleaved

by endolysosomal cathepsin B to release drug after self-immolative

loss of p-iminoquinone methide and CO2. For MMAE, intracellular

ADC uptake and subsequent drug release remove target restriction,

and free MMAE can diffuse into adjacent cells and cause off-target

toxicity. In contrast, ADC-released MMAF has attenuated cell

permeability. Therefore, we investigated bystander differences of

MMAE and MMAF warheads. T-MMAE or T-MMAF was intra-

venously injected into mice with NCI N87 tumors and tissue

harvested. Sections containing both tumor and adjacent muscle

were stained for pHistone H3 (Fig. 4B). By IHC, pHistone H3

staining was readily seen in HER2-rich tumor tissue but not

peritumoral normal tissue. Interestingly, tumor tissue from

T-MMAE–injected mice had more diffuse and pronounced pHis-

tone H3 staining than T-MMAF, suggesting ADC-released MMAE

was able to amplify mitotic arrest in neighboring tumor cells. To

directly test this, we designed a cell culture model to quantitate

bystander cytotoxicity (Fig. 4C; Supplementary Fig. S3). Free

auristatins (MMAE or MMAF) or trastuzumab conjugate (T-

MMAE or T-MMAF) were incubated with HER2-expressing NCI

N87 cells. After 48 hours, conditioned media from these drug-

treated cells were then transferred to HER2-negative cell HCT116,

and cell viability was measured. As a control, a parallel set of

HCT116 cells were directly exposed to free auristatins or trastu-

zumab conjugate. As expected, only free MMAE was directly

cytotoxic to HER2-negative HCT116 cells (Fig. 4C). When condi-

tioned media from drug-treated HER2-positive cells were trans-

ferred to HCT116 cells, conditioned media from T-MMAE group

also became cytotoxic due to released MMAE. In contrast, condi-

tioned media from MMAF- and T-MMAF–treated NCI N87 cells

produced no off-target bystander toxicity in HCT116 cells. As a

further control, the stability of our auristatin antibody conjugates

Figure 4.

MMAFantibody conjugates attenuated bystand-

er toxicity. A, Schematic of maleimidocaproyl-

valine citrulline-para amino benzyl carbamoyl

(MC-VC-PABC) linker attached to MMAF.

Cathepsin B cleavage at the citrulline amide

releases free drug after self-immolative reaction

of PABC. B, pS10 Histone H3 staining of tumor

and peritumoral normal tissue muscle. NCI N87

tumor–bearing mice intravenously injected with

1 nmol of T-MMAE or T-MMAF and tissue har-

vested on days 2 and 3. Tissue sections stained

with H&E and for pS10 histone H3. Black scale

bar, 400 mm. C, Bystander cytotoxicity of aur-

istatin antibody conjugates in cell culture. For

direct effect, HER2-negative HCT116 cells were

exposed to 1 or 10 nmol/L MMAE, T-MMAE,

MMAF, or T-MMAF (top graphs), and cell viability

measured by Alamar Blue. For bystander cyto-

toxicity, HER2-expressing NCI N87 cells were

drug treated for 48 hours. Conditioned media

were then transferred to HER2-negative HCT116

cells (bottom graphs). Cell viability measured by

Alamar Blue assay, normalized to control

untreated cells, and plotted as mean fractional

survival� SD. Statistical significances calculated

using one-way ANOVA with Dunnett multiple

comparisons test. D, ADC drug delivery in

murine tissues. NCI N87 tumor–bearing mice

intravenously injected with 1 nmol of T-MMAE

or T-MMAF. Tumor and adjacent normal tissue

muscle harvested 1 to 3 days later. Tissue drug

concentrations quantitated by LC-MS/MS, and

ratio of drug concentration in tumor and adja-

cent muscle tissues plotted as mean� SEM (� , P

< 0.05; ���� , P < 0.0001).
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was confirmed using HCT116 cells as the source of conditioned

media, proving T-MMAE intracellular uptake was necessary for

bystander toxicity (Supplementary Fig. S3). Because IHC staining

showed no appreciable pHistone H3 signal in peritumoral muscle,

we measured tissue auristatin concentration by LC-MS to increase

drug detection sensitivity. Mice with NCI N87 tumors were intra-

Figure 5.

MMAF anti-HER2 antibody conjugates improve tumor control with IR. A, Spatial localization of MMAF ADC in NCI N87 tumor xenografts grown in the thighs of mice

(representative tumor locations indicated by red arrows in P-MMAF–injected mouse). Note that 1 nmol of unlabeled antibody (pertuzumab or trastuzumab) or Cy5-

labeled P-MMAF or T-MMAF intravenously injected andwholemouse Cy5 fluorescence imaging 24 hours later. Gut autofluorescence indicated by green arrow. Scale

bar on far right depicts dynamic range of Cy5 epifluorescence efficiency of 2.75� 10�5 to 10� 10�5. B, Antitumor efficacy of MMAF ADC in NCI N87 tumor–bearing

mice. Mice intravenously injected on day 0 with 1 nmol P-MMAF or T-MMAF. Tumors measured twice a week and plotted as mean tumor volume � SEM. Statistical

significances calculated using two-way ANOVA with Tukey multiple comparisons test. C, Kinetics of ADC tumor drug accumulation in NCI N87 tumors. Mice

intravenously injected with 1 nmol T-MMAF on day 0. Tumors harvested on days 1, 2, and 3 after injection, and drug concentrations were quantitated and plotted as

mean�SEM.D,Antitumor efficacy ofMMAFADCwith IR inNCIN87 tumors.Mice intravenously injected onday0with 0.5 nmol T-MMAF; 2.5Gygiven ondays 1, 2, and

3. Mouse survival plotted and statistical significances calculated using log-rank (Mantel–Cox) test. E, Anti-HER2 antibody drug delivery in OE19 tumors. Mice

intravenously injected on day 0 with 1 nmol P-MMAF or T-MMAF. Tumors harvested on days 1, 2, and 3 after injection, and drug concentrations measured and

plotted asmean�SEM. Statistical significances calculated using unpaired t test.F, Spatial localization of systemically deliveredMMAFADC inOE19 tumor xenografts.

1 nmol of P-MMAF i.v. injected and whole animal Cy5 fluorescence imaged 24 hours later. Scale bar on far right depicts dynamic range of Cy5 epifluorescence

efficiency of 7 � 10�5 to 10 � 10�5. G, Antitumor efficacy of MMAF ADC with IR in OE19 tumors. Mice intravenously injected on day 0 with 0.5 nmol pertuzumab or

P-MMAF. IRgiven 2.5Gy focally on days 1, 2, and3. Tumorsmeasured twice aweek andplotted asmean tumor volume�SEM. Statistical significances calculated using

two-way ANOVA with Tukey multiple comparisons test (� , P < 0.05; �� , P < 0.01; ���� , P < 0.0001).
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venously injected with T-MMAE and T-MMAF. Auristatin con-

centrations were quantitated in simultaneously harvested tumor

and adjacent muscle (Fig. 4D). Importantly, T-MMAF–treated

mice had a higher ratio of tumor to muscle drug delivery compared

with T-MMAE, suggesting the less cell-permeable MMAF warhead

resulted in greater target-specific ADC drug delivery.

MMAF anti-HER2 conjugates increase tumor xenograft control

with IR

BecauseMMAF antibody conjugates had decreased bystander effect

while maintaining HER2-targeted cell kill and radiosensitization, we

tested the therapeutic potential of MMAF anti-HER2 antibody con-

jugates with IR. The first series of experiments used HER2-expressing

NCI N87 tumor xenografts. Noninvasively tracking Cy5-labeled ADC

demonstrated Cy5 fluorescence spatially localized to NCI N87 tumors

but not HER2-negative HCT116 tumors (Fig. 5A; Supplementary

Fig. S4). To evaluate intrinsic antitumor efficacy of P-MMAF and

T-MMAF, tumor-bearing mice were treated with a single ADC

injection of 1 nmol. Both P-MMAF and T-MAMF produced signif-

icant tumor regression (Fig. 5B). We terminated the experiment on

day 60 at which time 3 of 5mice treated with P-MMAF and 4 of 5mice

treated with T-MMAF showed no tumor regrowth. These results

emphasize the inherent antitumor potency and efficacy of aurista-

tin-based ADCs.

To optimally integrate MMAF antibody conjugates with IR, the

temporal kinetics of ADC tumor drug delivery was assessed. A single

intravenous injection of P-MMAF or T-MMAF resulted in an

increased tumor fraction in G2–M for 3 days as measured by pHistone

H3 staining (Supplementary Fig. S5). Correlating with these histologic

findings, a single injection of T-MMAF produced detectable tumor

drug levels for 3 days (Fig. 5C). To evaluate ADC with IR, T-MMAF

was dose decreased to a noncurative single 0.5 nmol/L injection.

Because IR is clinically given over multiple days and ADC effect

persisted for 3 days, tumors were treated with ADC followed by focal

IR for 3 consecutive days. Although T-MMAF or IR monotherapies

modestly increased survival, combining T-MMAFwith IR significant-

ly improved survival of NCI N87 tumor–bearing mice (Fig. 5D). To

quantitate tumor growth statistics, we determined the number of days

it took for tumors to reach 500 mm3. For control, IR, T-MMAF alone,

or T-MMAFþ IR, it took 25, 39, 47, and 62 days respectively to reach

500 mm3.

To confirm these findings, studies were validated in a second

HER2-expressing tumor xenograft model, OE19. OE19 tumor drug

delivery of MMAF antibody conjugates was measured (Fig. 5E).

Consistent with the NCI N87 model, mice injected with P-MMAF

and T-MMAF had detectable drug in tumors for 3 days. Interest-

ingly for OE19 tumors, pertuzumab conjugation resulted in

increased drug accumulation and pHistone H3 staining compared

with trastuzumab (Figs. 3C and 5E). Therefore, pertuzumab con-

jugates were advanced for testing with IR in OE19 tumor xenografts.

Consistent with our prior results on MMAE peptide drug con-

jugates, MMAE conjugated to pertuzumab significantly delayed

tumor growth (Supplementary Fig. S6; refs. 29, 30). Importantly,

P-MMAF spatially localized to tumors by whole animal fluores-

cence imaging (Fig. 5F), and P-MMAF with IR significantly delayed

tumor growth (Fig. 5G). Measuring time for tumors to reach 500

mm3, we found it took 6, 12, 6, 12, 16, and 26 days for control, IR,

pertuzumab, pertuzumab þ IR, P-MMAF, and P-MMAF þ IR

groups, respectively. From a safety perspective, no adverse effect of

combining ADC with IR on well-being was seen by mouse weight

(Supplementary Fig. S7).

Discussion
Concurrent chemotherapy and radiotherapy remains the stan-

dard of care for nonmetastatic advanced cancers not amenable to

surgical cure (1). Although IR techniques have improved to better

conform IR dose to tumor and spare normal tissue, classical

cytotoxic chemotherapies (cisplatin, taxanes, and 5-FU) remain

the workhorse of combined treatment regimens with radiothera-

py (2, 3). There are strong rationales for delivering systemic

therapies with focal radiotherapy including: (i) Combined therapy

can achieve tumor control at lower, safer, and more tolerable doses

of each individual therapy compared with higher doses necessary as

monotherapy. This is a clinically relevant issue because even though

MMAF antibody conjugates have decreased drug permeability,

these ADCs have side effects including thrombocytopenia and

ocular toxicity (36). We showed that although dose-reduced T-

MMAF did not produce long-term tumor regression alone, sub-

therapeutic doses of ADC with IR significantly improved tumor

control (Fig. 5B andD). Therefore, lower dose of MMAF ADC with

IR may decrease patient toxicities seen with monotherapy doses of

MMAF. (ii) Concurrent chemoradiotherapy simultaneously attacks

the known tumor but also potential subclinical metastatic disease.

For locally advanced tumors, there is concern that undetectable

cancer spread limits the efficacy of purely local therapies. Clinically,

chemoradiotherapy is more effective when given concurrently as

opposed to sequentially (9). However, chemotherapy and radio-

therapy each induces side effects limiting patient tolerability of

concurrent delivery. Therefore, targeted drug delivery scaffolds (i.e.,

ADCs) may facilitate treatment intensification with more potent

cytotoxins given with radiotherapy to immediately attack the

identifiable gross tumor and any metastatic spread. (iii) Drugs and

IR kill tumors through different mechanisms, decreasing the emer-

gence of therapy-resistant tumor clones. Despite ADCs having

potent cytotoxic warheads, ADC resistance is documented (44).

Therefore, in addition to the potential of ADC warhead radio-

sensitization, delivering ADCs with IR maximizes initial tumor kill

by independent mechanisms and potentially offers improved tumor

curability.

We have focused on testing trastuzumab and pertuzumab auristatin

conjugates with IR since a HER2-targeted ADC is clinically

approved (24). Importantly, HER2 is overexpressed in a proportion

of tumor histologies treated with concurrent chemoradiotherapy, i.e.,

gastro-esophageal, non–small cell lung, and bladder cancers. Curi-

ously, HER2 signaling has been implicated IR resistance. For this

reason, clinical trials are evaluating HER2 inhibitors (i.e., trastuzumab

and lapatinib) with radiotherapy (45). However, our radiosensitization

approach fundamentally differs from HER2 pathway blockade. We

have leveraged ADC technology so that HER2 serves as a molecular

beacon to deliver highly cytotoxic and radiosensitizing auristatins.

Such a HER2 radiosensitization strategy may maximize tumor kill

because it circumvents resistance mediated by signaling pathway

crosstalk (19, 20). Although not in solid cancer, combining brentux-

imab-vedotinwith radiotherapyhas shownpromise in lymphoma(46).

Another exciting potential is engaging the immune system. Immuno-

oncology approaches are showing promise, and integrating IR is being

actively pursued. Trastuzumab has been reported to induce antibody-

dependent cell-mediated cytotoxicity (47). It is tantalizing to hypoth-

esize there may be a role for ADC-based radiosensitization to engage

antitumor immune responses.

ADC architecture is modular with three components: targeting

antibody, warhead, and intervening linker. Amajor limitation of ADC

has been identifying cell surface receptor targets differentially
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expressed on tumors and normal tissue. Excitingly, there is continued

progress on identifying cell surface receptors preferentially found on

tumors that provide localizing antigen for unique antibodies (19, 20).

Importantly, many of these antibodies are being developed for solid

tumors routinely treated with chemoradiotherapy. Linker technol-

ogies attaching warhead to antibody are also being refined. We used

the MC-VC-PABC linker to conjugate MMAF to anti-HER2 anti-

bodies. An advantage of this linker is predictable release of free drug

by cathepsin B within lysosomes. This allowed us to use LC/MS

techniques to quantitate tissue drug accumulation. However, this

linker is subject to retro-Michael reaction with premature release of

drug into plasma (48). More stable linkers may reduce untimely

drug release and resulting off-target toxicity. A complementary

strategy to enhance safety is using warheads with decreased cell

permeability as free drug. This was a primary motivation for us to

synthesize MMAF ADCs. Interestingly, there is an MMAF ADC in

clinical development targeting mutant EGFR brain tumors (49).

Finally, other chemical classes of warheads are being developed to

block critical cancer cell processes and may potentiate radiotherapy.

For example, a topoisomerase I inhibitor has been attached to

trastuzumab to target breast and gastro-esophageal HER2 tumors

and could potentially radiosensitize (50). As the role of ADCs gains

traction in cancer therapy, future clinical trials should consider

including them in the upfront curative setting of locally advanced

cancers treated in combination with radiotherapy in a biomarker-

driven approach to concurrent chemoradiotherapy.
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