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Antibody–Drug Conjugate Sacituzumab Govitecan
Drives Efficient Tissue Penetration and Rapid
Intracellular Drug Release
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ABSTRACT
◥

Antibody–drug conjugates (ADC) are a rapidly growing class of
targeted cancer treatments, but the field has experienced significant
challenges from their complex design. This study examined the
multiscale distribution of sacituzumab govitecan (SG; Trodelvy), a
recently clinically approved ADC, to clarify the mechanism(s) of
efficacy given its unique design strategy. We employed a multiscale
quantitative pharmacokinetic approach, including near-infrared
fluorescence imaging, single-cell flow cytometry measurements,
payload distribution via gH2AX pharmacodynamic staining, and
a novel dual-labeled fluorescent technique to track the ADC and
payload in a high trophoblast cell-surface antigen 2 expression
xenograft model of gastric cancer (NCI-N87). We found that rapid
release of the SN-38 payload from the hydrolysable linker inside
cells imparts more DNA damage in vitro and in vivo than an ADC

with a more stable enzyme cleavable linker. With SG, little to no
extracellular payload release in the tumor was observed using a
dual-labeled fluorescence technique, although bystander effects
were detected. The high dosing regimen allowed the clinical dose
to reach the majority of cancer cells, which has been linked to
improved efficacy. In addition, the impact of multiple doses (day 1
and day 8) of a 21-day cycle was found to further improve tissue
penetration despite not changing tumor uptake [percent injected
dose per gram (%ID/g)] of the ADC. These results show increased
ADC efficacy with SG can be attributed to efficient tumor pene-
tration and intracellular linker cleavage after ADC internalization.
This quantitative approach to study multiscale delivery can be used
to inform the design of next-generation ADCs and prodrugs for
other targets.

Introduction
Antibody–drug conjugates (ADC) form a class of targeted chemo-

therapy that combines the specific targeting of a monoclonal antibody
with the cytotoxicity of a small molecule payload, attached via a
chemical linker. Recent developments have resulted in a surge of
seven FDA approvals in 3 years despite previous setbacks from other
late-stage clinical failures. One of the recent approvals includes
sacituzumab govitecan (SG), a novel ADC composed of an anti—
trophoblast cell-surface antigen 2 (Trop-2) antibody coupled to the
SN-38 payload via a proprietary, hydrolysable CL2A linker, targeting
triple-negative breast cancer (TNBC) and urothelial cancer (UC).
Trop-2 is a 45 kDa transmembrane glycoprotein, first recognized as
a trophoblast cell-surface marker, and was later found to be expressed
in epithelial cancers. It is a novel ADC target involved in a number of
cell proliferating signaling pathways including cyclin D1, NF-kB, and
ERK/MEK (1). Trop-2 is expressed in a wide range of cancers,
including gastric, pancreatic, TNBC, UC, prostate, as well as lung
cancer, and expression of Trop-2 correlates with increased tumori-
genicity and poor prognosis in patients (2, 3). SN-38 (the active drug

form of irinotecan) is a topoisomerase I inhibitor that causes DNA
double-strand breaks during replication, leading to cell-cycle arrest (4).
Treating solid tumors with ADCs versus hematologic cancers presents
additional hurdles, which are partially explained by poor delivery and
tumor penetration of ADCs (5). SG has several unique attributes
including a high 10-mg/kg dosing regimen, a high drug to antibody
ratio (DAR) of 7.6, a unique chemically hydrolysable CL2A linker, and
the moderately potent SN-38 payload. However, the roles of these
unique features in the success of SG remain unclear.

SGmarks a shift in commonADCdesign approaches,manyofwhich
focus on using highly stable, conditionally cleavable linkers with ultra-
potent payloads (i.e., pmol/L IC50 values; ref. 6). Notably, this lower
payloadpotency enables SG touse thehighest clinical dosing regimenof
all FDA-approvedADCs: a 10-mg/kgdose administeredondays 1 and8
of a 21-day cycle. The efficacy of SG has been demonstrated both
preclinically (7,8)andclinically (9–11).However, theoveralldisposition
ofADCs and their payloads are complex (Fig. 1), and several questions
remain around the quantitative pharmacology of using moderately
potent payloads with hydrolysable linkers, especially considering
the diverging design strategy from previously approved ADCs.

Linker selection is important for ADC design because it influences
the threshold for toxicity and efficacy bymodulating payload release in
circulation, off-target tissues, and cancer cells. Ideally, a linker would
release the payload efficiently and specifically in cancer cells alone.
However, payloads can be released in circulation or in healthy cells
after target-mediated or nonspecific accumulation in other tissues,
leading to toxicity and complex pharmacokinetics. Therefore, there
has been a significant effort in the ADC field to engineer more stable
linkers to minimize off-target toxicity (12, 13). Protease cleavable
linkers are one of the most common linkers given their stability in
circulation and ability to release payload upon cleavage inside cells. In
contrast, SG uses a benzyl carbonate linker that can be hydrolyzed at
neutral or acidic pH including in systemic circulation [half-life of
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payload release in human serum ¼ 20.3 hours (8); see also supple-
mentary discussion].

Increased linker stability can prevent payload release in circu-
lation and increase delivery to the tumor, because systemic release
prevents targeted delivery to the tumor. However, previous results
showed that the protease-cleavable linker (higher stability) was less
effective than the hydrolysable linker (lower stability; refs. 14, 15).
One potential benefit of the hydrolysable linker is less target-
mediated toxicity. By avoiding sustained Trop-2–mediated delivery
to healthy tissue, SG has avoided stomatitis and other target-
mediated toxicity of previous Trop-2 ADCs (16). While it is logical
that hydrolysis could lower target-mediated uptake in healthy
tissue, it is not clear why the hydrolysable linker is more effective
in the tumor, a focus of this work.

After internalization, ADCs are trafficked to lysosomes where
antibody degradation and payload release occurs. A previous publi-
cation found efficient trafficking to the lysosomes can improve Trop-2
ADC efficacy (17). A hydrolysable linker could be cleaved during
trafficking, bypassing the need for lysosomal delivery for payload
release to improve efficacy. In addition, a significant fraction of linker
could be cleaved outside the cellmembrane, releasing SN-38within the
tumor microenvironment to mediate bystander killing. The bystander
effect refers to the ability of payloads prior to or during internalization,
to diffuse through membranes out of directly targeted cells into
neighboring untargeted cells (18). SN-38 has been confirmed to exhibit
bystander killing (19, 20), but the impact of bystander killing on
efficacy is not fully understood, especially because it has been found to
be less efficient than direct cell killing (21).

Two hypotheses were examined for improved ADC efficacy with
the hydrolysable linker: (i) increased efficiency of intracellular
release and/or (ii) increased extracellular release and bystander
killing. To test these hypotheses, we quantified the multiscale
distribution of SG to elucidate the quantitative pharmacology of
the hydrolysable linker, high dosing regimen, and moderately
potent payload of SG. Three ADCs were used: (i) SG, hRS7-
CL2A-SN-38, (ii) SG modified with a more stable enzyme-
cleavable linker, hRS7-CL2E-SN-38, and (iii) a nonspecific negative
control antibody with the same hydrolysable linker and payload as
SG, h679-CL2A-SN-38. Structures and syntheses of linker-pay-
loads, CL2A-SN-38 and CL2E-SN-38, have been described previ-
ously (8, 22). Using quantitative fluorescence techniques, the multi-
scale ADC distribution and payload efficacy (via gH2AX staining of

DNA damage) were tracked in vitro and in vivo to determine how
each linker influenced the intracellular payload release and the
bystander effect. We also used a dual-labeled fluorescence technique
to determine the location of linker release (intracellular vs. extra-
cellular). The results of these analyses together demonstrate the
multiscale distribution and efficacy of SG.

Materials and Methods
Cell culture and animals

The NCI-N87 cell line was purchased from ATCC and maintained
according to ATCC recommendations. Cells were stored at 37°C in 5%
CO2 and passaged 2 to 3 times per week up to passage 50 using
RPMI1640 (NCI-N87) each supplemented with 10% (v/v) FBS, 50 U/
mL penicillin and 50 mg/mL streptomycin. Mycoplasma tests were
performed annually using Mycoalert Testing Kit (Lonza). All animal
studies were performed in accordance with and approval from the
University ofMichigan Institutional Animal Care and Use Committee
and Association for Assessment and Accreditation of Laboratory
Animal Care International guidelines in 6- to 8-week-old female nude
mice (Jackson Labs). Briefly, 5 million NCI-N87 cells were injected
subcutaneously into the left flank in 50% v/v Matrigel (Fisher Scien-
tific) and treated as described below.

ADC and fluorescent antibody labeling with AlexaFluor680
SG (hRS7-CL2A-SN-38), enzyme-cleavable linker ADC (hRS7-

CL2E-SN-38), and nonspecific antibody negative control ADC
(h679-CL2A-SN-38) were prepared as previously described (8, 22).
Conjugates were stored in lyophilized form at �20°C until reconsti-
tution, after which CL2A conjugates were either discarded within one
hour or flash frozen and stored at �80°C until future use. hRS7
antibody was conjugated to AlexaFluor680 (AF680, Fisher Scientific)
for biodistribution, plasma clearance, and tumor digest experiments as
previously described viaNHS ester chemistry to obtain a final degree of
labeling of approximately 0.3 to prevent changes in distribution upon
conjugation of dye (23). For experiments involving dual fluorescent
labels, the antibody was stably labeled with AlexaFluor488 (AF488,
Fisher Scientific), while SN-38 component of CL2A-SN-38 was stably
labeled with near IR dye, AF680, at the drug’s 10-hydroxy position.
CL2A-SN-38-AF680 was conjugated to reduced AF488-hRS7 by the
standard thiol-maleimide chemistry (details provided in Supplemental
Information).

Figure 1.

Multiscale pharmacokinetics of ADCs.
A, ADCs in systemic circulation distrib-
ute to both tumor and healthy tissue,
where they can bind their target and
release the payload. In addition, decon-
jugation in the systemic circulation
releases payload, lowering the DAR.
B,Within the tumor, ADCs extravasate,
diffuse through the tissue, bind their
target, internalize, and release the pay-
load via hydrolysis or protease cleav-
age for CL2A and CL2E linkers, respec-
tively. Linker hydrolysis can also occur
extracellularly, and released payload
can diffuse to nearby cells (bystander
effect).
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In vitro pharmacodynamic staining with phospho-histone
H2A.X

NCI-N87 cells were plated at 5�105 cells/well in a 24-well plate for
flow cytometry or 1.5�105 cells/well in Falcon 8-well chamber slides
for imaging and allowed to adhere overnight. Cells were then treated
with 40 nmol/L SG, hRS7-CL2E-SN38, or h679-CL2A-SN38 (non-
specific control) for an 8-hour pulse in complete media, then washed
twice after the removal of ADC and was replaced with complete media
without ADC for a 24-, 48-, or 72-hour chase phase. At the end of each
chase, cells were washed twice with PBS, then 500-mL trypsin warmed
to 37°C was added to each well to detach cells for flow cytometry. After
cells were fully detached, they were washed once in PBS containing
0.5% BSA, then fixed using BD Cytofix Fixation buffer (BD Bios-
ciences). Fixed cells were stored at 4�C until timepoints concluded.
Cells were then permeabilized using 1X BD Cytoperm (BD Bios-
ciences) buffer in PBS-BSA.

Cells were stained using the Phospho-Histone H2A.X (Ser139;
20E3) rabbit primary antibody (Cell Signaling Technology) as a
marker for double stranded DNA breaks at 0.15 mg/mL in 0.5%
BSA/Perm buffer for 30 minutes. Cells were washed twice with
BSA/Permbuffer, then incubated for 30minuteswith a 1,200× dilution
of secondary goat-anti-rabbit-Fab2 fragment labeled with Alexa-
Fluor488 for flow cytometry experiments or AlexaFluor555 for imag-
ing experiments (Cell Signaling Technology). After the 30-minute
incubation, cells were washed twice in BSA/Perm buffer. Cells were
kept in the dark and on ice for all incubations. Cells were then analyzed
on anAttuneNxT flow cytometer and datawere analyzed using FlowJo
software. Cell nuclei were stained with Hoechst 33342 (Invitrogen) for
1 minute before imaging, which was performed on the Olympus
FV1200 confocal microscope using 405- and 543-nm lasers and a
60× objective. Images were analyzed using ImageJ software.

Plasma clearance with fluorescent hRS7
Following the tail vein injection of fluorescent hRS7 at a 5 mg/kg

or 10 mg/kg dose, blood samples were collected into hematocrit
tubes by retro-orbital blood sampling. Ten microliter of whole
blood was mixed with 15 mL of 10 mmol/L PBS-EDTA to prevent
clotting, then was centrifuged for 2,500 x g for 2 minutes. The
plasma supernatant was removed and stored at �80°C until anal-
ysis. Samples were scanned on the NIR Odyssey CLx Scanner (LI-
COR) in a 384-well black walled plate for samples in the NIR range.
When dual-labeled hRS7 was used, 15-mL plasma was run on an
SDS-PAGE gel, scanned on an Odyssey M scanner (LI-COR), and
analyzed using ImageStudio software. The plasma concentration
was normalized to initial concentration and fit to a biexponential
decay in PRISM (GraphPad).

Biodistribution with fluorescent hRS7
Biodistribution was performed as previously described (24). Either

24 or 48 hours after tail vein injectionwith fluorescent hRS7,mice were
euthanized and organs were then resected andmechanically disrupted.
A solution of 5 mg/mL collagenase IV (Worthington Biochemical) in
1X RIPA cell lysis buffer (Fisher Scientific) was then added to the
organs for a 1-hour incubation. Organs were sonicated using an FB-
120 Sonic Dismembrator and incubated for another hour after adding
1XRIPAbuffer with 0.025% trypsin-EDTA. Cells were sonicated again
to complete tissue homogenization, then serially diluted and scanned
on the Odyssey CLx Scanner. A calibration curve of known concen-
tration was used to calculate the concentration of fluorescent probe,
which was then normalized to organ weight and dose to calculate
the %ID/g.

Single-cell tumor digests
Tumors were digested into single-cell suspensions using the Tumor

Dissociation Kit (Miltenyi Biotech) according to the manufacturer’s
instructions, then resuspended in media containing 10% FBS to
quench enzymes and filtered through a 40-mm filter to reduce clump-
ing. Subsets of single cells were stained ex vivo with 40 nmol/L
fluorescent hRS7 to determine percent of cells targeted. Cells were
analyzed on an Attune NxT flow cytometer.

Histology with fluorescence microscopy
Fluorescence microscopy was used to analyze the antibody/ADC

distribution in tumors after intravenous injections. Mice were injected
with 15 mg/kg Hoechst 33342 15 minutes before sacrifice to label
functional blood vessels. Tumors were resected, flash frozen in OCT,
and stored at �80°C until cryostat sectioning into 12-mm slices.
Tumors with fluorescent hRS7 were stained using anti-mouse CD31
(BioLegend) labeled with AlexaFluor555 for 30 minutes. Tumors that
were treated with ADCs were stained with the previously stated
pharmacodynamics (PD) staining procedure outlined above and an
anti-human Fc antibody labeled with FITC (BioLegend). An Olympus
FV1200 microscope was used for imaging with 405-, 488-, 543-, and
635-nm lasers with a 20× objective. Image analysis was performed
using ImageJ software.

Data availability
The data generated in this study are available upon request from the

corresponding author.

Results
In vivo hRS7 multiscale distribution studies

Mice bearing NCI-N87 tumors were dosed with either 5 mg/kg or
10 mg/kg (the clinical dose in mg/kg, see Supplemental Data for
discussion) of fluorescent hRS7 to study dose-dependent tissue pen-
etration, tumor uptake, and percent of single cells targeted (Fig. 2). The
tissue penetration at the clinical dose, confirmed via fluorescent
imaging of tumor sections (Fig. 2A and B), showed relatively homo-
geneous distribution after a single 10-mg/kg dose of hRS7. Organ level
biodistribution measurements showed no significant difference in
tumor antibody uptake at 24 or 48 hours (Fig. 2C). This was also
consistent with quantitative, single-cell data collected from tumor
digests analyzed on flow cytometry (Fig. 2D; Supplementary Fig. S1).
On the basis of comparison with cells that are stained with fluorescent
antibody ex vivo, it was determined that a majority of cells (68.8%)
were targeted with hRS7 after a 10-mg/kg dose compared with
38.9% after a 5-mg/kg dose. Because tissue penetration scales with
Cmax and plasma concentrations are slightly higher in humans than
mice at this dose, the results indicate efficient tissue penetration at
these doses. Overall, the data are consistent with the high dosing of
SG, enabled by the moderate potency payload, driving efficient
tumor tissue penetration.

ADC PD staining in vitro
PD staining of gH2AX marks double-stranded DNA breaks to

indirectly track the effect of the payload in cells over time. A pulse-
chase approach was used to minimize confounding effects from the
SN-38 payload released in media and subsequently entering cells. In
this procedure, cells were incubated for an 8 hour ‘pulse’with the three
ADCs (structures in Fig. 3A), then replaced with complete media for a
24-, 48-, or 72-hour ‘chase’ phase (Fig. 3B). The rapid internalization
of SG results in significant uptake during the pulse phase

Kopp et al.
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(Supplementary Fig. S2). SG showed maximum gH2AX signal at
24 hours, indicating rapid payload release, which decreased over time.
The nonspecific negative control ADC (h679-CL2A-SN-38) also
showed maximum signal at 24 hours, though significantly lower than
SG (P < 0.05). This indicates that some extracellular release occurred,
though direct cell binding and internalization contributes to a greater
portion of the PD signal. Finally, the ADC with enzyme cleavable
linker (hRS7-CL2E-SN-38) only shows signal above the nonspecific
negative control ADC at 72 hours, indicating slower release of the
enzyme cleavable linker. This pattern was corroborated by confocal
imaging of cells treated with the three ADCs (Fig. 3C–E), where SG

shows elevated signal at 24 hours, followed by the nonbinding ADC,
then the enzyme cleavable ADC.

SGexhibitsmorehomogeneous andhigher intensity PD staining
in vivo

The payload distribution was next mapped in vivo using clinical
ADC doses to establish the intensity of DNA damage and if the
bystander effect was visible. Images confirm that the SN-38 payload
diffuses to cells more distal to blood vessels, where the ADC backbone
is not detectable (consistent with a bystander effect). SG shows
relatively homogeneous payload distribution at 48 hours (Fig. 4A),

Figure 2.

Organ, tissue, and cellular biodistribution. Tissue pene-
tration of hRS7 is dose-dependent, with a 5-mg/kg dose
showing heterogeneous distribution after 24 hours (A),
while the clinical dose of 10 mg/kg penetrates deeper
into the tumor (B). Blood vessels are imaged with anti-
CD31 stain (red), intravenous Hoechst 33342 is shown in
blue, and hRS7-AlexaFluor680 is in green. The high
expression and rapid internalization results in efficient
tumor uptake (n ¼ 3; C). Flow cytometry of single-cell
suspensions at 24 hours from three different tumors at
each dose confirms a greater proportion of cells are
hRS7-AlexaFluor680 positive at the higher dose (D).
Data are shown as the mean and SD.

Figure 3.

In vitro Payload delivery and DNA
damage. NCI-N87 cells were pulsed
for 8 hours with SG (CL2A linker),
the enzyme-cleavable (CL2E) linker
ADC (structures shown in A), hydro-
lyzable (CL2A) linker nonspecific
ADC, or left untreated and stained for
DNA damage using gH2AX (B). Data
show the median fluorescence inten-
sity (MFI) and SD of three or four
separate experiments. SG showed
rapid and significant DNA damage
that decreased over time, whereas the
enzyme-cleavable CL2E linker ADC
released the payload more slowly
for lower signal that increased over
3 days. The hydrolyzable CL2A linker
nonspecific control ADC showed some
signal at 24 hours but lower than SG,
highlighting theneed for Trop-2–medi-
ated targeting. Microscopy of NCI-N87
cells at the 24-hour time point showing
nuclei (blue, Hoechst 33342) of cells
treated with SG (C) with higher gH2AX
signal (red) than the CL2EADC (D) and
nonspecific ADC (E).
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indicating that the bystander effect aids in delivering payload to
untargeted (e.g., antigen-negative) cells. Interestingly, the nonspecific
ADC control showed some PD signal despite no visible signal from the
antibody itself via anti-Fc stain (Fig. 4B). This is consistent with
in vitro PD staining where the nonbinding ADC causes some DNA
damage, though at a lower intensity than SG. Some PD signal is
detected after a 10-mg/kg dose of enzyme cleavable ADC (Fig. 4C),
though it appears weaker and less widespread than SG, but higher than
the nonspecific ADC, matching in vitro findings. These results are
consistent with faster/more efficient payload release with a hydro-
lysable linker.

Dual-labeled technique determines location of payload release
While the PD signal patterns are consistent with the hypothesis that

ADC efficacy is linked to more efficient payload release intracellularly,
this does not exclude the hypothesis that extracellular payload release
and bystander killing contribute to ADC efficacy. To examine this
hypothesis, we employed a dual-labeled technique to determine the
location of linker release. Both AF488 and AF680 behave as residualiz-
ing dyes (Supplementary Fig. S2), so they are trapped in cells after
release (25). This property results from their charge and inability to
cross plasmamembranes. Therefore, they cannot diffuse into cells, and
instead, they wash out of the tumor if released outside of cells (similar
to nonbindingmolecular imaging agents; ref. 26). Thus, we conjugated
AF488 directly to the hRS7 antibody via a stable amide linkage that will
only release the dye upon degradation of the antibody backbone after
internalization. In addition, AF680 was conjugated to SN-38, which
was attached to the hRS7 antibody via the CL2A linker. Because both
dyes are expected to remain in cells if released intracellularly but
cannot enter cells if released extracellularly, the ratio of AF680 to
AF488 can be used to determine the location of payload release
(Fig. 5A). Plasma clearance of the dual-labeled antibody was similar
to unlabeled hRS7 antibody (Supplementary Fig. S3).

After a 10-mg/kg dose of dual-labeled hRS7 antibody, organ-level
uptake was measured (%ID/g, Fig. 5B) and single-cell flow cytometry
following tumor digestion shows the ratio of AF680 to AF488 in each
cell (Fig. 5C). These values were normalized to untreated tumor cells
labeled ex vivo with fully intact dual-labeled hRS7 antibody. At
24 hours, the ratio of AF680/AF488 remained the same as the
ex vivo label, indicating no detectable extracellular release of SN38-
AF680 occurred. At 48 hours, there was a 25% drop in the ratio of
AF680/AF488, which could suggest that the CL2A linker bearing
AF680 was cleaved outside of cells. However, this could occur sys-
temically (e.g., in circulation) or in the tumor microenvironment. We
examined the ratio of dyes in the plasma to distinguish between linker
cleavage in the blood and the tumor (Fig. 5D). Using the AUC of
plasma clearance, because AUC is proportional to tumor uptake, the
data showed the AUCAF680/AUCAF488 was about 0.75 at 48 hours
(Supplementary Fig. S4). Minimal tumor uptake was seen from
systemically administered SN38-AF680 (Supplementary Fig. S5).
Therefore, the drop in ratio of AF680/AF488 at 48 hours measured
on flow cytometry is attributed to linker deconjugation in the systemic
circulation (e.g., plasma) before extravasating into the tumor rather
than in the extracellular tumor space.

High and frequent dosing contributes to improved tissue
penetration of SG

We next examined how the higher dosing of SG, 10 mg/kg on day 1
and day 8 of a 21-day cycle, impacted tumor uptake and tissue
distribution. To study this, mice were injected with 10 mg/kg of
unlabeled SG on day 1, followed by 5 mg/kg of fluorescent antibody
on day 8, and organs were resected 24 hours later. 5 mg/kg was used
for the second dose to ensure tumor uptake and distribution measure-
ments were in a dynamic range because 10 mg/kg was close to tumor
saturation, where changes in tissue penetration may not be distin-
guishable. Treatment with SG could impact tumor uptake of

Figure 4.

In vivo imaging of ADC distribution and payload-
mediated DNA damage. Forty-eight hours following a
10-mg/kg dose of SG (A), nonspecific CL2A-SN38 ADC
(B), hRS7-CL2E-SN38 (C), or uninjected mice bearing
NCI-N87 xenografts, tissue was excised and imaged
using an anti-Fc stain (green) or gH2AX DNA damage
marker (red). SG shows the highest signal including cells
lacking ADC targeting (bystander effects). Signal from
the other ADCs was lower but above background.
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subsequent doses viamultiplemechanisms, such as reduced delivery of
a second dose following vascular collapse or increased perfusion and
uptake following tumor cell death. However, biodistribution data
showed identical uptake (%ID/g) of fluorescent antibody in the tumor
on day 8 (Fig. 6A), which confirms that the initial dose does not change
the uptake of the second dose. Interestingly, fluorescent histology
images (tissue-level distribution; Fig. 6B and C) showed more homo-
geneous distribution of the second dose of fluorescent antibody
compared with the same fluorescent antibody dose alone. This was
confirmed by quantitative image analysis that mapped the fluorescent
signal versus distance from blood vessels (Fig. 6D) by showing higher
fluorescent signal farther from blood vessels. Therefore, treatment did
not change the total amount of SG delivered but potentially improves
tissue penetration.

Discussion
ADCs have experienced a surge in FDA approvals over the past few

years, but the interplay of linker stability, payload potency and
properties, target selection, and dosing has made design challenging.
Here, we show an important mechanism driving the efficacy of SG is

the high tissue penetration and rapid linker release inside cells.
Although the design of SG is counterintuitive at first glance, these
data clarify the efficacy advantage of a lower stability linker. We
proposed two hypotheses that could explain the benefits of using a
less stable linker: (i) extracellular linker cleavage in the tumor inter-
stitium that better leverages the bystander effect (Fig. 1B) and/or (ii)
more rapid payload release inside cells for more efficient cell killing
(Fig. 1C), two mechanisms that are not mutually exclusive. Multiscale
imaging and analysis of SG disposition were used to test these
hypotheses and detail other delivery rates relevant to its positive
therapeutic window.

ADC dosing is often limited by the toxicity of the conjugated
payload, which prevents the use of saturating doses when the target
antigen is highly expressed and/or rapidly internalized in the tis-
sue (27). However, the use of SN-38, a moderately potent topoisom-
erase I inhibitor with a single-digit nanomolar IC50 (8), allows for
higher dosing. In fact, SG has the highest dosing regimen of any
clinically approved ADC (28). Challenges in overcoming the binding
site barrier have been documented for Kadcyla, which treats HER2þ

breast cancer (29, 30). These studies also showed the connection
between improved tissue penetration and efficacy (31). In this system,

Figure 5.

Dual-labeled ADC for quantifying extracellular release. By labeling hRS7 antibodywith two residualizing dyes, AF488 (green star) attached directly to antibody via a
stable amide linkage and SN38-AF680 (red star) connected via the CL2A hydrolysable linker, the location of payload release could be quantified. Extracellular
released SN38-AF680 dye (red star) is unable to enter cells and washes out of the tumor, while intracellularly released payload is trapped (A). Biodistribution (%
injected dose/gram) of the dual-labeledADC (asmeasured by SN38-AF680 signal) shows high tumor uptake, consistentwith intracellular release and residualization
of the dye (B). The ratio of AF680 to AF488 indicates little extracellular release of the payload in NCI-N87 tumors. There is a significant drop in the AF680 to AF488
ratio between the ex vivo control and the ratio at 48 hours (P < 0.05; C). The decreased ratio at 48 hours is less than the positive control cells labeled with ADC
following 50% SN38-AF680 release. This lower ratio can be attributed to the loss of SN38-AF680 in systemic circulation, where AF680 signal decreases faster than
AF488 in the plasma due to deconjugation (D). Data are shown as the mean and SD for n¼ 3 mice at each timepoint. An outlying point at 24 hours in the lung (15.9,
16.5, and 73%ID/g), likely from blood clotting during processing, resulted in a large standard deviation at 24 hours.
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we established that a single clinical dose (10 mg/kg) reaches the
majority of tumor cells (Fig. 2), which is an advantage of a moderately
potent cytotoxic payload. This is particularly relevant for the rapidly
internalized and highly expressed Trop-2 target, where a large dose is
needed to achieve sufficient tissue penetration; in fact, even 10 mg/kg
was not fully saturating in mice. However, the maximum concentra-
tions achieved in humans are approximately 1.9× higher than those in
mice, potentially allowing full saturation in the clinic. It was also
unclear how two doses in each cycle would influence tumor uptake and
distribution, and if the collapse of blood vessels or formation of
new vessels could improve or hinder tumor targeting of second
doses. Interestingly, the tumor uptake of the second dose was the
same as the first dose (Fig. 6A), though histology imaging showed
more homogeneous distribution of the second dose (Fig. 6C
and D). The first 10-mg/kg dose is still circulating after 1 week
based on measured pharmacokinetics from the blood (Supplemen-
tary Fig. S6A). While most of the payload would be deconjugated
after a week, the remaining antibody can compete for binding
sites with the second dose (similar to an antibody ‘carrier dose’),
allowing it to penetrate further into the tissue. This mechanism was
corroborated with Krogh cylinder simulations (Supplementary
Fig. S6B), although alternatives, such as faster diffusion following
cell death/reduced packing density, could not be ruled out. These
findings are also likely to apply clinically, as heterogeneous antibody
distribution has been documented in clinical tumors, and have
shown improvement with an antibody ‘carrier dose’ (effectively
increasing the antibody dose; ref. 32).

The counterintuitive benefit in efficacy from a lower stability linker
became apparent when investigating the appearance of PD signal in
cells after brief incubations with three different ADCs (Fig. 3). Though
some of the SG PD signal at 24 hours can be attributed to payload
released extracellularly in the media, the nonspecific control ADC
shows lessDNAdamage, and both show significantlymore signal from
the ADC with the hydrolyzable linker (CL2A) than the enzyme-

cleavable linker (CL2E). This is also translated in vivo, where enzyme
cleavable ADCs were not as effective as ADCs with the CL2A link-
er (14, 15). The CL2E linker is likely cleaved effectively by lysosomal
enzymes (33), but the data indicate more rapid release of the CL2A
linker accounts for the differences in efficacy between the two linkers
(where the CL2E linker never achieves high signal, even at later time,
Supplementary Fig. S7). This emphasizes the importance of efficient
intracellular payload release, which has been supported by other
studies. For example, Devay and colleagues showed the importance
of efficient lysosomal trafficking with a Trop-2 bispecific antibody
where the second arm binds a target that is directed efficiently to the
lysosome (17). In this case, more efficient lysosomal trafficking
resulted in greater efficacy, likely due to more efficient payload release.
Furthermore, other studies have demonstrated that delays in payload
trafficking decrease cell killing ability and could be mechanisms of
resistance (34, 35).

The improved efficacy of the CL2A versus CL2E linker demon-
strated by previous studies was corroborated by PD imaging of tumors
that showed the strongest PD staining for SG. This data also confirmed
that the bystander effect is visible in tumors, with PD staining beyond
the region targeted by these ADCs (Fig. 4). Although the multiscale
distribution studies confirmed thatmost cells were targeted by the high
antibody dosing, bystander effects are likely an important mechanism
given the documented intratumoral heterogeneity in surface marker
expression (36, 37). Bystander killing can offset heterogeneity in
antibody distribution (spatial bystander effect) or antigen-negative
cells (heterogeneous bystander effect) to reach a greater number of
cancer cells than non-bystander payloads (38). Others have explored
the possibility of non-internalizing ADCs, where the ADC accumu-
lates in the tumor by binding to cells and releases the payload outside of
cells (39–41). This further raises the potential for extracellular payload
release, which could allow for greater efficiency of the bystander effect
by reducing the number of steps the payload needs to undergo to reach
an untargeted cell (Fig. 1B).

Figure 6.

Impact of Dosing Schedule. SG is dosed onD1 andD8 of
a 21-day cycle. To examine the impact on distribution
and uptake, 10 mg/kg SG was administered to mice
bearing NCI-N87 xenografts, followed 7 days later by
5 mg/kg of fluorescent hRS7. The total tumor uptake
(fluorescent %ID/g) was similar following SG treatment
(mean and SD, n ¼ 3; A). However, the distribution
within the tumor was greater following SG treatment
(B) than fluorescent hRS7 alone (C). CD31, red; intra-
venous Hoechst, blue; hRS7-AF680, green. Image
quantification showing the mean and SEM using a
Euclidean distance map confirmed deeper tissue pen-
etration (D), which could be due to antibody from
the SG treatment contributing to increased tissue
penetration.
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The extracellular release mechanism could occur in addition to
more efficient intracellular release. Although the rapid internalization
relative to linker cleavage would suggest most payload is delivered
inside cancer cells before release in the tumor, the hydrolysable nature
of the linker at the pH of the tumor microenvironment could result in
payload released extracellularly in vivo. In fact, we observed some PD
signal when using a nonbinding control ADC (Fig. 4C), likely from
some accumulation in the tumor due to the enhanced permeability and
retention effect (42). Preclinical studies with nonbinding ADCs con-
jugated to SN-38 via the CL2A linker showed slight efficacy, though
less than specific ADCs (8). This indicates extracellular release of the
CL2A linker can occur. Therefore, we sought to measure extracellular
payload release in vivo.

To quantify the extracellular drug release, a dual-labeled fluores-
cence method (Fig. 5A) was used, and the results indicated that
extracellular release was not significant in this model. Because both
dyes remain trapped in cells after release, a lower ratio ofAF680/AF488
(where AF680 is conjugated to SN-38 of CL2A-SN38) would indicate
some extracellular release in the tumor. While we observed a decrease
in this ratio on flow cytometry at 48 hours compared with an ex vivo
control labeled with fully intact dual-labeled antibody, this can be
attributed to linker cleavage in systemic circulation as determined by
the ratio in AUC from plasma clearance data (Fig. 5D), which is
proportional to tumor uptake. Given the relatively fast internalization
rate of Trop-2 (t1/2 ¼ 4.16 hours, Supplementary Fig. S2), the extra-
cellular drug release from receptor-bound SG (t1/2¼ 21 hours; ref. 14)
is likely negligible compared with the amount of SN-38 delivered
directly through receptor-mediated internalization. One limitation of
the current approach is that the conjugation of AF680 to SN-38 slowed
down the rate of linker hydrolysis approximately 3-fold (t1/2 ¼
58.7 hours, Supplementary Fig. S8), which makes the method less
sensitive to small amounts of payload released. However, both rates of
release are slower than Trop-2 internalization, consistent with little
extracellular release for the targeted ADCs in a Trop-2 model.

In addition to the less stable linker helping overall efficacy, it also
appears to reduce target-mediated toxicity. Most ADCs are engi-
neered for a highly stable linker in circulation to avoid (off-target)
systemic toxicity (12). The CL2A linker stability has a half-life of
about a day in circulation (14), but maintains its efficacy and
tolerability. Trop-2 has low but significant expression in some
healthy tissues (43), which can lead to on-target, off-tumor toxicity.
SG likely avoids this on-target toxicity (e.g., stomatitis) because
some payload is shed from the ADC before substantial accumula-
tion in healthy tissues, so less payload is delivered compared with
other Trop-2 targeted ADCs with more stable linkers (16, 44). In
addition, because SN-38 is only moderately potent, free payload
shed in circulation is better tolerated than ultra-potent payloads.

While this work establishes how using a less stable linker with a
moderately potent payload at high doses is effective for SG, that does
not mean lower stability linkers are optimal in all circumstances. Like
all aspects of ADCs, the properties need to be tailored to the specific
target. For example, in lower expression systems, the higher dosing
may be supersaturating, and a moderately potent payload may not be
potent enough to kill targeted cells. Previous work has emphasized that
matching the potency of the payload to cellular delivery can optimize
ADC efficacy (30).

Because SN-38 is approved in other formulations, such as irinotecan
and a liposomal formulation (Onivyde), a conceptual question is
whether SG is behaving as a nonspecific drug carrier or a typical
ADC (45). The rapid internalization seen here indicates that most
ADC uptake in the tumor results in intracellular payload delivery for

high Trop-2 expression tumors. Therefore, the relevant comparison
for this distinction is between sustained systemic release of SN-38
versus the typical ADC cellular internalization and releasemechanism.
Sharkey and colleagues showed a 10-fold higher cumulative SN-38
uptake in tumor versus serum for SG compared with more serum SN-
38 than tumor uptake for irinotecan, indicating better tumor delivery
for SG (46). They also showed between 20- and 50-fold higher AUC for
SN-38 delivered to tumors with SG compared with irinotecan, sup-
porting the typical ADC intratumoral delivery as the conceptual
mechanism. The current data indicate the lack of efficacy for CL2E
is not due to a lack of sustained systemic release but rather inefficient
release inside cells. In vivo data indicate that SG efficacy is related to
target expression, because nonspecific ADCs with the CL2A linker or
SG with antigen-negative tumors have poor responses (47). Likewise,
clinical data for TNBC shows higher response rates and more durable
progression-free survival with higher Trop-2 expression (48, 49). This
is consistent with Trop-2 mediated targeting increasing the efficacy of
SN-38. Other nonspecific carriers of SN-38 have shown shorter
periods of progression-free survival than SG in TNBC, e.g., 4.3months
versus 6months (10, 50). However, this does not preclude systemically
released payload or non-internalized ADC in antigen-negative tumors
from contributing to efficacy; this likely plays a role in efficacy for
patients with low Trop-2 expression. Rather, sustained systemic
release of SN-38 versus ADC-driven targeting is a quantitative dis-
tinction, and Trop-2–mediated delivery appears to play a significant
role in response rates for many patients. Therefore, these data support
the importance of Trop-2–mediated delivery even if systemic payload
release adds to these effects in some cases.

In conclusion, these results clarify the mechanism of action for SG.
The moderately potent payload allows high ADC dosing to improve
tissue penetration, and rapid internalization and payload release from
the hydrolysable CL2A linker efficiently delivers the payload intra-
cellularly, which increases efficacy compared with a more stable
protease-cleavable linker (CL2E). The SN-38 payload can still exhibit
bystander effects following intracellular release to target antigen-
negative cells. A second dose after 1 week has similar tumor uptake
but may improve tissue penetration from residual antibody in circu-
lation. Finally, the systemic payload release appears to reduce target-
mediated off-tumor toxicity, and the moderate potency payload
maintains tolerability. Together, this type of holistic, quantitative
approach can aid in ADC design for a given target, payload type/
potency, and linker type to improve treatment efficacy.
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