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ABSTRACT: Sacituzumab govitecan (IMMU-132) is an anti-
body−drug conjugate (ADC) made from a humanized anti-
Trop-2 monoclonal antibody (hRS7) conjugated with the active
metabolite of irinotecan, SN-38. In addition to its further
characterization, as the clinical utility of IMMU-132 expands to
an ever-widening range of Trop-2-expressing solid tumor types,
its efficacy in new disease models needs to be explored in a
nonclinical setting. Unlike most ADCs that use ultratoxic drugs
and stable linkers, IMMU-132 uses a moderately toxic drug with
a moderately stable carbonate bond between SN-38 and the
linker. Flow cytometry and immunohistochemistry disclosed
that Trop-2 is expressed in a wide range of tumor types,
including gastric, pancreatic, triple-negative breast (TNBC),
colonic, prostate, and lung. While cell-binding experiments
reveal no significant differences between IMMU-132 and parental hRS7 antibody, surface plasmon resonance analysis using a
Trop-2 CM5 chip shows a significant binding advantage for IMMU-132 over hRS7. The conjugate retained binding to the
neonatal receptor, but it lost greater than 60% of the antibody-dependent cell-mediated cytotoxicity activity compared to that of
hRS7. Exposure of tumor cells to either free SN-38 or IMMU-132 demonstrated the same signaling pathways, with pJNK1/2 and
p21WAF1/Cip1 upregulation followed by cleavage of caspases 9, 7, and 3, ultimately leading to poly-ADP-ribose polymerase cleavage
and double-stranded DNA breaks. Pharmacokinetics of the intact ADC in mice reveals a mean residence time (MRT) of 15.4 h,
while the carrier hRS7 antibody cleared at a similar rate as that of the unconjugated antibody (MRT ∼ 300 h). IMMU-132
treatment of mice bearing human gastric cancer xenografts (17.5 mg/kg; twice weekly × 4 weeks) resulted in significant
antitumor effects compared to that of mice treated with a nonspecific control. Clinically relevant dosing schemes of IMMU-132
administered either every other week, weekly, or twice weekly in mice bearing human pancreatic or gastric cancer xenografts
demonstrate similar, significant antitumor effects in both models. Current Phase I/II clinical trials (ClinicalTrials.gov,
NCT01631552) confirm anticancer activity of IMMU-132 in cancers expressing Trop-2, including gastric and pancreatic cancer
patients.

■ INTRODUCTION

There will be an estimated 22 220 new cases of gastric cancer
diagnosed in the United States this year, with a further 10 990
deaths attributed to this disease.1 While 5 year survival rates are
trending upward (currently at 29%), they are still quite low
when compared to that of most others, including cancers of the
colon, breast, and prostate (65, 90, and 100%, respectively). In
fact, among human cancers, only esophageal, liver, lung, and
pancreatic have worse 5 year survival rates. Pancreatic cancer
remains the fourth leading cause of all cancer deaths in the U.S.,
with a 5 year survival rate of only 6%.1 It is clear from such grim
statistics for gastric and pancreatic cancer that new therapeutic
approaches are needed.

Trop-2 is a 45 kDa glycoprotein that belongs to the TACSTD
gene family, specifically TACSTD2.2 Overexpression of this
transmembrane protein on many different epithelial cancers has
been linked to an overall poor prognosis.3−9 Trop-2 is essential
for anchorage-independent cell growth and tumorigenesis.10,11

It functions as a calcium signal transducer that requires an
intact cytoplasmic tail that is phosphorylated by protein kinase
C.12−14 Pro-growth signaling associated with Trop-2 includes
NF-κB, cyclin D1, and ERK.15,16 In pancreatic cancer, Trop-2
overexpression was observed in 55% of patients studied, with a
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positive correlation with metastasis, tumor grade, and poor
progression-free survival of patients who underwent surgery
with curative intent.8 Likewise, in gastric cancer, 56% of
patients exhibited Trop-2 overexpression on their tumors,
which again correlated with shorter disease-free survival and a
poorer prognosis in those patients with lymph node
involvement of Trop-2-positive tumor cells.9 Given these
characteristics and the fact that Trop-2 is linked to so many
intractable cancers, Trop-2 is an attractive target for therapeutic
intervention with an antibody−drug conjugate (ADC).
A general paradigm for using an antibody to target a drug to

a tumor includes several key features, among them (a) an
antigen target that is preferentially expressed on the tumor
versus normal tissue, (b) an antibody that has good affinity and
is internalized by the tumor cell, and (c) an ultratoxic drug that
is coupled stably to the antibody.17 Along these lines, we
developed an antibody, designated RS7-3G11 (RS7), that
bound to Trop-2 in a number of solid tumors14,18,19 with
nanomolar affinity20 and once bound to Trop-2 is internalized
by the cell.21 By immunohistochemistry, Trop-2 is expressed in
some normal tissues, although usually at much lower intensities
when compared to those in neoplastic tissue, and often is
present in regions of the tissues with restricted vascular
access.11 On the basis of these characteristics, RS7 was
humanized and conjugated with the active metabolite of
irinotecan, 7-ethyl-10-hydroxycamptothecin (SN-38). In vitro
cytotoxicity in numerous cell lines has found IC50 values in the
single-digit nanomolar range for SN-38, compared to picomolar
range for many of the ultratoxic drugs currently used in
ADCs.20 While the prevailing opinion is to use ultratoxic
agents, such as auristatins or maytansines, to make ADCs with
only 2−4 drugs per antibody linked stably to the antibody, such
agents have a narrow therapeutic window, resulting in renewed
efforts to re-engineer ADCs to broaden their therapeutic
index.22 As one approach to diverge from this practice, we
conjugated 7 to 8 SN-38 molecules per antibody using a linker
that releases SN-38 with half-life of ∼1 day in human serum.20

It is hypothesized that using a less stable linker allows for SN-
38 to be released at the tumor site after the ADC targets the
cells, making the drug accessible to surrounding tumor cells and
not just cells directly targeted by the ADC. The resulting ADC,
hRS7-CL2A-SN-38 (sacituzumab govitecan, or IMMU-132),
has shown antitumor activity against a wide range of tumor
types.20 More recently, IMMU-132 has demonstrated signifi-
cant antitumor activity against a preclinical model of triple
negative breast cancer (TNBC).23 Most importantly, in a
current Phase I/II clinical trial, IMMU-132 has shown activity
in TNBC patients,24 thus validating this paradigm shift in ADC
chemistry using a less toxic drug and a linker that releases SN-
38 over time rather than being totally dependent on
internalization of the ADC to achieve activity.
SN-38 is a known topoisomerase-I inhibitor that induces

significant damage to a cell’s DNA. It mediates the upregulation
of early pro-apoptotic proteins, p53 and p21WAF1/Cip1, resulting
in caspase activation and poly-ADP-ribose polymerase (PARP)
cleavage.25−28 Expression of p21WAF1/Cip1 is associated with G1
arrest of the cell cycle and is thus a hallmark of the intrinsic
apoptotic pathway.29,30 We demonstrated previously that
IMMU-132 likewise could mediate the upregulation of early
pro-apoptosis signaling events (p53 and p21WAF1/Cip1), resulting
in PARP cleavage in NSCLC (Calu-3) and pancreatic (BxPC-
3) cell lines, consistent with the intrinsic pro-apoptosis
signaling pathway.20

Herein, we further characterize IMMU-132, with particular
attention toward the treatment of solid cancers, especially
human gastric and pancreatic tumors. Trop-2 surface
expression across a range of solid tumor types is examined
and correlated with in vivo expression in tumor xenografts.
Mechanistic studies further elucidate the intrinsic pro-apoptotic
signaling events mediated by IMMU-132, including evidence of
increased double-stranded DNA (dsDNA) breaks and later
caspase activation. Finally, clinically relevant and nontoxic
dosing schemes are compared in gastric and pancreatic
carcinoma disease models, testing twice-weekly, weekly, and
every other week schedules to ascertain which treatment cycle
may be best applied to a clinical setting without loss of efficacy.

■ RESULTS
Trop-2 Expression Levels in Multiple Solid Tumor Cell

Lines. Surface expression of Trop-2 is evident in a variety of
human solid tumor lines, including gastric, pancreatic, breast,
colon, and lung (Table 1). There is no one tumor type that had

higher expression above any other, with variability observed
within a given tumor cell type. For example, within gastric
adenocarcinomas, Trop-2 levels ranged from very low 494 ± 19
(Hs 746T) to high 246 857 ± 64 651 (NCI-N87) surface
molecules per cell.
Gastrointestinal tumor xenografts stained for Trop-2

expression showed both cytoplasmic and membrane staining
(Figure 1). Staining intensity correlated well with the results for
surface Trop-2 expression determined by FACS analysis. For

Table 1. Trop-2 Surface Expression Levels in Various Solid
Tumor Lines via FACS Analysisa

no. of surface Trop-2 molecules per cell

Cell Line mean ± SD

Gastric
NCI-N87 246 857 ± 64 651
AGS 53 756 ± 23 527
Hs 746T 494 ± 19

Pancreatic
BxPC-3 493 773 ± 97 779
CFPAC-1 162 871 ± 28 161
Capan-1 157 376 ± 36 976
HPAF-II 115 533 ± 28 627

Breast (TN)
MDA-MB-468 301 603 ± 29 470
HCC38 181 488 ± 69 351
HCC1806 91 403 ± 20 817
MDA-MB-231 32 380 ± 5460

Breast
SK-BR-3 (HER2+) 328 281 ± 47 996
MCF-7 (ER2+) 110 646 ± 17 233

Colon
COLO 205 58 179 ± 6909
HT-29 68 ± 17

NSCLC
Calu-3 128 201 ± 50 708
Sq. Cell Lung

SK-MES-1 29 488 ± 5824
Acute T-Cell Leukemia
Jurkat 0

aThree separate assays were performed, with the mean and standard
deviation provided.
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the pancreatic adenocarcinomas, all three have homogeneous
staining, with BxPC-3 representing 2+ to 3+ staining. NCI-N87
gastric adenocarcinoma has a more heterogeneous staining
pattern, with 3+ staining of the apical lining of the glands and
less pronounced staining of surrounding tumor cells. COLO
205 demonstrates only very focal 1+ to 2+ staining, whereas
HT-29 showed very rare 1+ staining of a few cells.
IMMU-132 Binding Characteristics. To further demon-

strate that hRS7 does not cross-react with murine Trop-2, an
ELISA was performed on plates coated with either recombinant
murine Trop-2 or human Trop-2 (Figure S1). Humanized RS7
specifically bound only to the human Trop-2 (KD = 0.3 nM);
there was no cross-reactivity with the murine Trop-2. Control
polyclonal rabbit anti-murine Trop-2 and anti-human Trop-2

antibodies did cross-react and bound to both forms of Trop-2
(data not shown).
IMMU-132 binding to multiple cell lines was examined, with

comparison to parental hRS7 as well as to modified hRS7,
hRS7-NEM (hRS7 treated with tris(2-carboxyethyl)phosphine
(TCEP) and conjugated with N-ethylmaleimide) (Table S1).
In all cases, calculated KD values were in the subnanomolar
range, with no significant differences among hRS7, IMMU-132,
and hRS7-NEM within a given cell line.
Comparisons in binding of IMMU-132 and hRS7 were

further investigated using surface plasmon resonance (BIA-
CORE) analysis (Figure S2). A low-density Trop-2 biosensor
chip (density = 1110 RU) was utilized with recombinant
human Trop-2. Three independent binding runs demonstrated
that IMMU-132 is not affected adversely by the SN-38-

Figure 1. Trop-2 expression on various human tumor xenografts. Cells of various human carcinoma tumor lines were injected s.c. into nude mice.
Once tumors appeared, they were removed and processed for IHC and stained for Trop-2 expression as described in the Experimental Procedures.
(A−F) Tumors stained with goat polyclonal anti-Trop-2 antibody (bar = 1 mm). (G−L) Same tumors showing select areas of staining (bar = 100
μm). (M−R) Same area as G−L but stained with normal goat IgG (bar = 100 μm). Tumor types are pancreatic (BxPC-3, CFPAC-1, and Capan-1),
gastric (NCI-N87), and colonic (COLO 205 and HT-29).
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conjugation process as well as that it has a higher binding
affinity to Trop-2 than hRS7 (0.26 ± 0.14 nM vs 0.51 ± 0.04
nM, respectively; P = 0.0398).
Mechanism of Action: ADCC and Intrinsic Apoptosis

Signaling Pathways. Antibody-dependent cell-mediated
cytotoxicity (ADCC) activity of IMMU-132 was compared to
hRS7 in three different cell lines: TNBC (MDA-MB-468),
ovarian (NIH:OVCAR-3), and pancreatic (BxPC-3) (Figure 2).
In all three, hRS7 significantly mediated cell lysis compared to
that with all other treatments, including IMMU-132 (P <
0.0054). ADCC decreased by more than 60% when IMMU-132
was used to target the cells as compared to that with hRS7. For
example, in MDA-MB-468, specific lysis mediated by hRS7 was
29.8 ± 2.6% versus 8.6 ± 2.6% for IMMU-132 (Figure 2A; P <
0.0001). Similar loss in ADCC activity was likewise observed in
NIH:OVCAR-3 and BxPC-3 (Figure 2, panels B and C; P <
0.0001 and P < 0.0054; respectively). This diminished ADCC
activity appears to be the result of changes to the antibody
during the conjugation process, since this same loss in specific
cell lysis was evident with hRS7-NEM, which lacks the CL2A-
SN-38 linker, having the cysteines blocked instead with N-
ethylmaleimide (Figure 2C). There is no CDC activity
associated with hRS7 or IMMU-132 (data not shown).
IMMU-132 has been shown previously to mediate the

upregulation of early pro-apoptosis signaling events (p53 and
p21WAF1/Cip1), ultimately leading to the cleavage of PARP.20 In
order to better define the apoptotic pathway utilized by IMMU-
132, the NCI-N87 human gastric carcinoma and BxPC-3

pancreatic adenocarcinoma cell lines were exposed to 1 μM free
SN-38 or the equivalent amount of IMMU-132 (Figure 3).
Both free SN-38 and IMMU-132 mediate the upregulation of
p21WAF1/Cip1, although it is not until 48 h that the upregulation
between the NCI-N87 cells exposed to free SN-38 versus
IMMU-132 are the same (Figure 3A), whereas in BxPC-3,
maximum upregulation is evident within 24 h (Figure 3B).
Both free SN-38 and IMMU-132 demonstrate cleavage of pro-
caspase-9 and -7 within 48 h of exposure. Pro-caspase-3 is
cleaved in both cell lines, with the highest degree of cleavage
observed after 48 h. Finally, both free SN-38 and IMMU-132
mediated PARP cleavage. This first becomes evident at 24 h,
with increased cleavage at 48 h. Taken together, these data
confirm that the SN-38 contained in IMMU-132 has the same
activity as that of free SN-38.
In addition to these later apoptosis signaling events, an

earlier event associated with this pathway, namely, the
phosphorylation of JNK (pJNK), is also evident in BxPC-3
cells exposed for a short time to either free SN-38 or IMMU-
132 but not in those exposed to naked hRS7 (Figure 3C).
Increased amounts of pJNK are evident by 4 h, with no
appreciable change at 6 h. There is a higher intensity of
phosphorylation in the cells exposed to free-SN-38 as
compared to that with IMMU-132, but both are substantially
higher than controls.
As an end point for the mechanism of action of IMMU-132,

measurements of dsDNA breaks were made in BxPC-3 cells.
Exposure of BxPC-3 to IMMU-132 for only 30 min resulted in

Figure 2. ADCC activity of IMMU-132. Specific cell lysis of target cells by human PBMCs mediated by IMMU-132 was compared to that with
parental hRS7. Target cells were plated the night before, and the assay was performed as described in the Experimental Procedures. (A) MDA-MB-
468 target cells. (B) NIH:OVCAR-3 target cells. (C) BxPC-3 target cells. *hRS7 versus all the other test agents (P < 0.0054). **IMMU-132 versus
negative controls hLL2-SN-38 and hLL2 (P < 0.0003). ***IMMU-132 versus negative control hLL2-CL2A-SN-38 (P < 0.0019).
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a greater than 2-fold induction of γH2AX when compared to
that in a nontargeting control ADC (Table 2). Approximately
70% of the cells were positive for γH2AX staining versus <20%
for naked hRS7, hA20-SN-38 irrelevant ADC, and untreated
controls (P < 0.0002).

Pharmacokinetics of IMMU-132. Binding to the human
neonatal receptor (FcRn) was determined by BIACORE
analysis (Figure S3). Using a low-density FcRn biosensor
chip (density = 1302 RU), three independent binding runs at
five different concentrations (400 to 25 nM) were conducted
for each agent. Overall, both hRS7 and IMMU-132
demonstrate KD values in the nanomolar range (92.4 ± 5.7
nM and 191.9 ± 47.6 nM, respectively), with no significant
difference between the two.
Mice were injected with IMMU-132, with the clearance of

IMMU-132 versus the hRS7 IgG being compared to that of

parental hRS7 using two ELISAs (Figure 4). Mice injected with
hRS7 demonstrated a biphasic clearance pattern (Figure 4A)
that was similar to what was observed for the hRS7 targeting
portion of IMMU-132 (Figure 4B), with alpha and beta half-
lives of approximately 3 and 200 h, respectively. In contrast, a
rapid clearance of intact IMMU-132 was observed with a half-
life of 11 h and mean residence time (MRT) of 15.4 h (Figure
4C). To further confirm that disruption of interchain disulfide
bonds does not alter the PK of the targeting antibody, the PK
of parental hRS7 was compared to that of modified hRS7
(hRS7-NEM). There were no significant differences noted
between either agent in terms of half-life, Cmax, AUC, clearance,
or MRT (Figure S4).

IMMU-132 Efficacy in Human Gastric Carcinoma
Xenografts. Efficacy of IMMU-132 has been demonstrated
previously in non-small-cell lung, colon, TNBC, and pancreatic
carcinoma xenograft models.20,23 To further extend these
findings to other gastrointestinal cancers, IMMU-132 was
tested in mice bearing a human gastric carcinoma xenograft,
NCI-N87 (Figure 5). Treatment with IMMU-132 achieved
significant tumor regressions compared to that with saline and
nontargeting hA20 (anti-CD20)−SN-38 ADC controls (Figure
5A; P < 0.001). There were 6 of 7 mice in the IMMU-132
group that were partial responders that lasted for more than 18
days after the last therapy dose was administered to the animals.
This resulted in a mean time to progression (TTP) of 41.7 ±
4.2 days compared to no responders in the control ADC group,
with a TTP of 4.1 ± 2.0 days (P < 0.0001). Overall, the median

Figure 3. IMMU-132-mediated pro-apoptosis signaling in human gastric and pancreatic cancer lines. (A) NCI-N87 or (B) BxPC-3 cells were
exposed to 1 μM free SN-38, the drug equivalent of IMMU-132, or protein equivalent of hRS7 for the indicated times. (C) BxPC-3 cells were
exposed to the same amount of each agent described above. Cells were harvested, and western blots were performed as described in Experimental
Procedures. Untreated control cells were maintained in growth medium alone until harvested after 48 h (A, B) or 6 h (C). Blots shown are
representative of two separate experiments.

Table 2. IMMU-132-Mediated dsDNA Breaks in BxPC-3:
γH2AX Inductiona

treatment mean fluorescence intensity percent positive

untreated 2516 ± 191 18.8 ± 6.3
hRS7 2297 ± 18 13.0 ± 0.6
hA20-SN-38 2246 ± 58 12.7 ± 2.4
IMMU-132 5349 ± 234 69.0 ± 4.1

aIMMU-132 vs all three control treatments; P < 0.0002 (one-tailed t-
test; N = 3).

Bioconjugate Chemistry Article

DOI: 10.1021/acs.bioconjchem.5b00223
Bioconjugate Chem. 2015, 26, 919−931

923



survival time (MST) for IMMU-132-treated mice was 66 days
versus 24 days for control ADC and 14 days for saline control
animals (Figure 5B; P < 0.0001).
Clinically-Relevant Dosing Schemes. The highest

repeated doses tolerated of IMMU-132 currently being tested
clinically are 8 and 10 mg/kg given on days 1 and 8 of 21 day
cycles.23,24 A human dose of 8 mg/kg translates to a murine
dose of 98.4 mg/kg, or approximately 2 mg to a 20 g mouse.
Three different dose schedules of fractionated 2 mg of IMMU-
132 were examined in a human pancreatic adenocarcinoma
xenograft model (BxPC-3). This total dose was fractionated
using one of three different dosing schedules: one group
received two IMMU-132 doses of 1 mg (therapy days 1 and
15), one received four doses of 0.5 mg (therapy days 1, 8, 22,
and 29), and the final group eight doses of 0.25 mg (therapy
days 1, 4, 8, 11, 22, 25, 29, and 32). All three dosing schemes
provided a significant antitumor effect when compared to that
in untreated control animals, both in terms of tumor growth
inhibition and overall survival (Figure 6A; P < 0.0009 and P <
0.0001, respectively). There are no significant differences in
TTP between the three different treatment groups, which
ranged from 22.4 ± 10.1 days for the 1 mg dosing group to 31.7
± 14.5 days for the 0.25 mg dosing group (TTP for untreated
control group = 5.0 ± 2.3 days).
A similar dose schedule experiment was performed in mice

bearing NCI-N87 human gastric tumor xenografts (Figure 6B).
All three dose schedules had a significant antitumor effect when
compared to that of untreated control mice but were not
different from each other (AUC; P < 0.0001). Likewise, in

terms of overall survival, while all three dose schedules provided
a significant survival benefit when compared to that of the
untreated control (P < 0.0001), there were no differences
among any of these three different schedules.
To further discriminate possible dosing schemes, mice

bearing NCI-N87 tumors were subjected to chronic IMMU-
132 dosing in which mice received 0.5 mg injections of IMMU-
132 once a week for 2 weeks followed by 1 week off before
starting another cycle (Figure 6C), as in the current clinical trial
schedule. In all, four treatment cycles were administered to the
animals. This dosing schedule slowed tumor growth with a
TTP of 15.7 ± 11.1 days versus 4.7 ± 2.2 days for control
ADC-treated mice (P = 0.0122). Overall, chronic dosing
increased the median survival 3-fold from 21 days for control
ADC-treated mice to 63 days for those animals administered
IMMU-132 (P = 0.0001). Importantly, in all of these different
dosing scheme evaluations, no treatment-related toxicities were
observed in the mice, as demonstrated by no significant loss in
body weight (data not shown).

■ DISCUSSION

In a current Phase I/II clinical trial (ClinicalTrials.gov,
NCT01631552), IMMU-132 (sacituzumab govitecan) is
demonstrating objective responses in patients presenting with
a wide-range of solid tumors.31,32 As this Phase I/II clinical trial
continues, efficacy of IMMU-132 needs to be further explored
in an expanding list of Trop-2-positive cancers. Additionally,
the uniqueness of IMMU-132, in contrast to other clinically
relevant ADCs that make use of ultratoxic drugs, needs to be

Figure 4. Pharmacokinetics of IMMU-132 in mice. Naiv̈e nude mice (N = 5) were injected i.v. with 200 μg of IMMU-132. At various time points,
these mice were bled, and serum was obtained and analyzed for intact conjugate and carrier hRS7 antibody, as described in the Experimental
Procedures. For comparison, another group of mice was injected with 200 μg of parental hRS7. (A) Serum concentration and clearance of hRS7
from parental control injected mice. Concentration and clearance of (B) hRS7 carrier antibody versus (C) intact conjugate from IMMU-132-injected
mice. Graphed data shown as mean ± SD. N.A., not applicable.
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further elucidated as we move forward in its clinical
development. The work presented here further characterizes
IMMU-132 and demonstrates its efficacy against gastric and
pancreatic adenocarcinomas at clinically relevant dosing
schemes.
The prevailing view of a successful ADC is that it should use

an antibody recognizing an antigen with high tumor expression
levels relative to that in normal tissue and one that preferably
internalizes when bound to the tumor cells.17 All of the
currently approved ADCs have used an ultratoxic drug
(picomolar IC50) coupled to the antibody by a highly stable
linker at low substitution ratios (2−4 drugs per antibody).
IMMU-132 diverges from this paradigm in three main aspects:
(i) SN-38, a moderately cytotoxic drug (nanomolar IC50), is
used as the chemotherapeutic agent, (ii) SN-38 is conjugated
site-specifically to 8 interchain thiols of the antibody, yielding a
substitution of 7.6 drugs per antibody, and (iii) a carbonate
linker is used that is cleavable at low pH but will also release the
drug with a half-life in serum of ∼24 h.20 IMMU-132 is
composed of an antibody that internalizes after binding to an
epitope, as we have shown, that is specific for human Trop-2,
which is highly expressed on many different types of epithelial
tumors as well as at lower concentrations in their
corresponding normal tissues.21 Despite the presence in normal
tissues, prior studies in monkeys, which also express Trop-2 in
similar tissues, indicated relatively mild and reversible
histopathological changes even at very high doses where
dose-limiting neutropenia and diarrhea occurred, suggesting
that the antigen in the normal tissues was sequestered in some
manner or that the use of a less toxic drug spared these normal
tissues from severe damage.20

Herein, we expanded an assessment of Trop-2 expression on
multiple human solid tumor lines, examining in vitro expression
in a more quantitative manner than reported previously20 but
also, importantly, in xenografts that illustrate Trop-2 expression
ranging from homogeneous (e.g., NCI-N87) to very focal (e.g.,
COLO 205). Overall, surface expression levels of Trop-2
determined in vitro correlated with staining intensity upon IHC
analysis of xenografts. It is particularly interesting that even in a
tumor like COLO 205, where there are only focal pockets of
Trop-2-expressing cells revealed by immunohistology, IMMU-
132 was still capable of eliciting specific tumor regressions,
suggesting that a bystander effect may occur as a result of the
release of SN-38 from the conjugate bound to the antigen-
presenting cells.20 Indeed, SN-38 readily penetrates cell
membranes and therefore its local release within the tumor
microenvironment provides another mechanism for its entry
into cells without requiring internalization of the intact
conjugate. Importantly, the SN-38 bound to the conjugate
remains in a fully active state, in other words, it is not
glucuronidated and would be in the lactone ring form at the
time of release.33 This property is unique, distinguishing
IMMU-132’s ability to localize a fully active form of SN-38 in a
more selective manner than any of the other slow-release SN-
38 or irinotecan agents studied to date.
The Phase I clinical trial with IMMU-132 identified 8−10

mg/kg given weekly for 2 weeks on a 21 day cycle for further
investigation in Phase II.32 Patients with a wide range of
metastatic solid tumors, including pancreatic and gastric
cancers, have shown extended periods of disease stabilization
after relapsing to multiple prior therapies.23,24,32,34,35 Additional
studies in xenograft models were undertaken to determine if
different dosing schedules may be more efficacious. To this end,

Figure 5. Efficacy of IMMU-132 in mice bearing human gastric carcinoma xenograft. Mice bearing NCI-N87 human gastric tumors (TV = 0.249 ±
0.049 cm3) were treated with 0.35 mg of IMMU-132 twice weekly for 4 weeks. (A) Mean tumor growth curves for IMMU-132 treated animals
compared to those for saline and non-tumor-targeting control ADC, hA20-CL2A-SN-38, treated mice. Arrows indicate therapy days. (B) Survival
curves for treated mice with a disease end point of tumor progression greater than 1.0 cm3.
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the equivalent to the human dose of 8 mg/kg (mouse dose of
98.4 mg/kg) was fractionated over three different dosing
schedules, including every other week, weekly, or twice-weekly
on a 21 day cycle. In the pancreatic and gastric tumor models,
no significant difference in therapeutic responses were observed
for all three schedules, with tumors progressing only after
therapy was discontinued. Therefore, these data support the
continued use of the once-weekly dosing regimen currently
being pursued clinically.
With clinical trials recommending an IMMU-132 each

treatment dose of 8−10 mg/kg,32 it was important to examine
whether the antibody alone might contribute to the IMMU-
132’s activity. Previous studies in nude mice−human xenograft
models had included unconjugated hRS7 IgG alone (e.g.,
repeated doses of 25 to 50 mg/kg), with no evidence of

therapeutic activity;20 however, studies in mice cannot always
predict immunological functionality. ADCC activity of hRS7 in
vitro has been reported in Trop-2-positive ovarian and uterine
carcinomas.36−40 We confirmed unconjugated hRS7 ADCC
activity in three different cells lines, but we found that IMMU-
132 lost 60−70% of its effector function. Since the reduced/
NEM-blocked IgG has a similar loss of ADCC activity, it
appears that the attachment of the CL2A-SN-38 component
was not, in itself, responsible.
Antibodies also can elicit cell death by acting on various

apoptotic signaling pathways. However, we did not observe any
effects of the unconjugated antibody in a number of apoptotic
signaling pathways,25−29 but, instead, we noted that IMMU-132
elicited similar intrinsic apoptotic events as those from SN-38.30

Early events include the phosphorylation of JNK1/2 as well as

Figure 6. Various IMMU-132 dosing schemes in mice bearing pancreatic and gastric tumor xenografts. Nude mice (N = 8−10) bearing s.c. BxPC-3
or NCI-N87 xenografts were as described in Experimental Procedures. (A) BxPC-3-bearing mice were treated (arrows) with two cycles of IMMU-
132 at 1 mg every 14 days, 0.5 mg weekly for 2 weeks, or 0.25 mg twice weekly for 2 weeks, totaling 2 mg IMMU-132 to all the mice. (B) Similar
dosing of NCI-N87-bearing mice (arrows), with mice in the 1 mg treatment group receiving one additional cycle. (C) Chronic dosing of IMMU-132
in mice bearing NCI-N87, using 0.5 mg once weekly for 2 weeks in a 3 week treatment cycle for a total of 4 cycles. Corresponding survival curves
(end point: tumor progression > 1.0 cm3) are shown to right of each tumor growth curve.
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the upregulation of p21WAF1/Cip1, leading to the activation of
caspase-9, -7, and -3, with the end result being PARP cleavage
and significant levels of dsDNA breaks, as measured by
increased amounts of phosphorylated histone H2AX
(γH2AX).41 These data suggest that IMMU-132’s primary
mechanism of action is related to SN-38.
Surface plasmon resonance (BIACORE) analysis did not

detect a significant difference in IMMU-132’s binding to the
human neonatal receptor (FcRn), despite the average binding
levels being ∼2-fold lower for IMMU-132. FcRn binding has
been linked to an extended IgG half-life in serum,42 but because
an antibody’s affinity for FcRn in vitro may not correlate with in
vivo clearance rates,43 the overall importance of this finding is
unknown. Previous experiments in tumor-bearing mice using
111In-DTPA-IMMU-132 revealed that the conjugate cleared at a
somewhat faster rate from the serum than 111In-DTPA-hRS7,
although both had similar tumor uptake.20 In the current
studies, an ELISA assay that also measured the clearance of the
IgG component found IMMU-132 and the reduced and NEM-
blocked IgG cleared at similar rates as those of unconjugated
hRS7, suggesting that the coupling to the interchain disulfides
does not destabilize the antibody. As expected, when using an
ELISA that monitored the clearance of the intact conjugate
(capturing using an anti-SN-38 antibody and probe with an
anti-idiotype antibody), its clearance rate was faster than that
when monitoring only the IgG component. This difference
simply reflects SN-38’s release from the conjugate with a half-
life of ∼1 day. We also have examined the clearance rates of
hRS7-SN-38 conjugates prepared at different substitution levels
by ELISA and again found no appreciable difference in their
clearance rates.44 Overall, these data suggest that mild
reduction of the antibody, with the subsequent site-specific
modification of some or all interchain disulfides, has minimal if
any impact on the serum clearance of the IgG, but IMMU-132’s
overall clearance rate will be defined largely by the rate of SN-
38 from the linker.
Additionally, extensive cell-binding experiments demonstra-

ted no significant difference in the binding of IMMU-132, the
unconjugated antibody, or the NEM-modified antibody,
suggesting that the site-specific linkage to the interchain
disulfides protects the antigen-binding properties of the
antibody. Interestingly, when analyzed by BIACORE, which
more accurately measures the on and off rates in addition to
overall affinity, IMMU-132 had a significant 2-fold improve-
ment in calculated KD values for Trop-2 binding when
compared to those of naked hRS7. We speculate that this
improvement may be result of the added hydrophobicity when
SN-38 is conjugated to the antibody. Hydrophobic residues, as
well as hydrophobicity of enclosed regions of protein binding
sites, have been shown to impart a stronger affinity for the
epitope.45−47 These regions do not have to be at the protein−
protein interface but can lie in surrounding, less energetic
contact residues.48 While none of the SN-38 conjugation sites
are present in the complement-determining regions (CDR) of
hRS7, the prospects that the SN-38 on the antibody may
displace some of the water molecules around the epitope,
resulting in the improved binding affinity observed for IMMU-
132 relative to that of naked hRS7, cannot be discounted.
Most efforts in ADC development have been directed toward

using a stable linker and an ultratoxic drug, with preclinical
studies indicating the specific optimal requirements for those
conjugates.17,49 For example, a comparison of T-DM1 to
another less stable derivative, T-SSP-DM1, revealed that intact

T-SSP-DM1 cleared at an approximately 2-fold faster rate than
T-DM-1 in non-tumor-bearing mice,49,50 with 1.5-fold higher
levels of T-DM1 compared to T-SSP-DM1 in the tumors.
Unexpectedly, and most interesting, was the finding that the
amount of free, active maytansinoid catabolites in the targeted
tumors was very similar between the two ADCs.50 In other
words, T-SSP-DM1 was able to overcome its deficiencies in
linker stability due to the fact that the lower stability resulted in
more efficient release of the drug at the tumor than the more
stable T-DM1. Not surprisingly, this equivalency of active drug
catabolite between the two ADCs in the tumors resulted in
similar antitumor effects in tumor-bearing animals. Ultimately,
T-DM1 was chosen based on toxicity issues that arise when
using an ultratoxic drug and less stable linkers.49 Since SN-38 is
at least a log-fold less toxic than these maytansines, its release
from the ADC is expected to have less toxicity. However, even
with its release in serum, the amount of SN-38 localized in
human gastric or pancreatic tumor xenografts was up to 136-
fold higher than in tumor-bearing mice injected with irinotecan
doses that had a >20-fold higher SN-38 equivalent.23,33 While
we have tested more stable linkers in the development of
IMMU-132, they were significantly less effective in xenograft
tumor models than IMMU-132.51 Similarly, linkers that
released SN-38 more quickly (e.g., serum half-life of ∼10 h)
also were less effective in xenograft models,52,53 suggesting that
there is an optimal window within which the release of SN-38
leads to improved efficacy. Thus, current data demonstrate that
IMMU-132 is a more efficient way to target and release the
drug at the tumor than irinotecan. Early clinical studies have
shown encouraging objective responses in various solid tumors
and importantly have indicated a better safety profile, with a
lower incidence of diarrhea, than irinotecan ther-
apy.23,24,31,32,34,35

In summary, IMMU-132 (sacituzumab govitecan) is a
paradigm shift in ADC development. It uses a moderately
stable linker to conjugate 7 to 8 molecules of the more tolerable
active metabolite of irinotecan, SN-38, to an anti-Trop-2
antibody. Despite these seemingly counterintuitive character-
istics vis-a-̀vis ultratoxic ADCs, nonclinical studies have
demonstrated that IMMU-132 very effectively targets Trop-2-
expressing tumors with significant efficacy and no appreciable
toxicity. In early Phase I/II clinical trials against a wide range of
solid tumors, including pancreatic, gastric, TNBC, and small-
cell and non-small-cell lung carcinomas, IMMU-132 is likewise
exhibiting antitumor effects with manageable toxicities in these
patients, with no immune responses to either the IgG or SN-38
detected, even after many months of dosing.23,24,31,32,34,35

Given the elevated expression of Trop-2 on such a wide variety
of solid tumors, IMMU-132 continues to be studied clinically,
especially in advanced cancers that have been refractory to most
current therapy strategies.

■ EXPERIMENTAL PROCEDURES
Cell Lines and Chemotherapeutics. All human cancer

cell lines used were purchased from the American Type Culture
Collection (ATCC) (Manassas, VA). Each was maintained
according to the recommendations of ATCC and routinely
tested for mycoplasma using MycoAlert mycoplasma detection
kit (Lonza, Rockland, ME) and all were authenticated by short
tandem repeat (STR) assay by the ATCC. IMMU-132 (hRS7-
SN-38) and control ADCs (anti-CD20 hA20-SN-38 and anti-
CD22 hLL2-SN-38) were made as previously described and
stored at −20 °C.20 SN-38 was purchased (Biddle Sawyer
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Pharma, LLC, New York, NY) and stored in 1 mM aliquots in
DMSO at −20 °C.
Trop-2 ELISA. Recombinant human Trop-2 with a His-tag

(Sino Biological, Inc., Bejing, China; cat. no. 10428-H09H) and
recombinant mouse Trop-2 with a His-Tag (Sino Biological,
Inc., cat. no. 50922-M08H) were plated onto Ni-NTA Hissorb
strips (Qiagen GmbH cat. no. 35023) at 1 μg for 1 h at room
temperature. The plate was washed four times with PBS−
Tween (0.05%) wash buffer. Serial dilutions of hRS7 were
made in 1% BSA−PBS dilution buffer to a test range of 0.1 ng/
mL to 10 μg/mL. The plates were then incubated for 2 h at
room temperature before being washed four times followed by
the addition of a peroxidase-conjugated secondary antibody
(affinipure goat anti-human, Fc fragment specific; Jackson
Immunoresearch cat. no. 109-036-098). After a 45 min
incubation, the plate was washed, and a substrate solution (o-
phenylenediamine dihydrochloride (OPD); Sigma, cat. no.
P828) was added to all the wells. Plates were incubated in the
dark for 15 min before the reaction was stopped with 4 N
sulfuric acid. The plates were read at 450 nm on Biotek
ELX808 plate reader. Data were analyzed and graphed using
Prism GraphPad software (v4.03) (Advanced Graphics
Software, Inc.; Encinitas, CA).
In Vitro Cell Binding. LumiGLO chemiluminescent

substrate system (KPL, Gaithersberg, MD) was used to detect
antibody binding to cells. Briefly, cells were plated into a 96
black-well, flat, clear-bottom plate overnight. Antibodies were
serially diluted 1:2 and added in triplicate, yielding a
concentration range from 0.03 to 66.7 nM. After incubating
for 1 h at 4 °C, the media was removed, and the cells were
washed with fresh cold media followed by the addition of a
1:20000 dilution of goat-anti-human horseradish peroxidase-
conjugated secondary antibody (Jackson Immunoresearch,
West Grove, PA) for 1 h at 4 °C. The plates were again
washed before the addition of the LumiGLO reagent. Plates
were read for luminescence using an Envision plate reader
(PerkinElmer, Boston MA). Data were analyzed by nonlinear
regression to determine the equilibrium dissociation constant
(KD). Statistical comparisons of KD values were made with
Prism GraphPad software (v4.03) (Advanced Graphics
Software, Inc.; Encinitas, CA) using an F-test on the best-fit
curves for the data. Significance was set at P < 0.05.
Antibody-Dependent Cell-Mediated Cytotoxicity

(ADCC). A 4 h LDH-release assay was performed to evaluate
ADCC activity elicited by IMMU-132, hRS7 IgG, hLL2-SN-38,
and hLL2 IgG (hLL2 are nonbinding anti-CD22 conjugates for
the solid tumor cell lines). Briefly, target cells (MDA-MB-468,
NIH:OVCAR-3, or BxPC-3) were plated at 1 × 104 cells/well
in a 96-well, black, flat-bottom plate and incubated overnight.
The next day, peripheral blood mononuclear effector cells
(PBMCs) were freshly isolated from a donor and added to
assigned wells on the reaction plate at an E:T ratio of 50:1.
Acquisition of human PBMCs was done under the approval of
the New England Institutional Review Board (Newton, MA).
Test reagents were added to their assigned wells at a final
concentration of 33.3 nM. One set of wells received ADCC
assay medium alone for background control, and another set of
wells received cells alone plus Triton X-100 for maximum cell
lysis control. The plate was incubated for 4 h at 37 °C. After 4
h, target cell lysis was assessed by a homogeneous fluorometric
LDH release assay (Cyto Tox-One homogenous membrane
integrity assay; Promega, cat. no. G7891). The plates were read
(544−590 nm) using an Envision plate reader (PerkinElmer

LAS, Inc.; Shelton, CT). Data were analyzed by Microsoft
Excel. Percent specific lysis was calculated as follows

=
− +

−
×

% specific lysis
experimental (effector target control)

max . lysis (target control)
100

where

+ +experimental: effector target cells antibody

+ +effector target control: effector target cells

+ ‐max . lysis: target cells Triton X 100

target control: target cells only

Surface Plasmon Resonance Binding (BIACORE).
Briefly, rhTrop-2/TACSTD2 (Sino Biological, Inc.) or
recombinant human neonatal receptor (FcRn), produced as
described,54 was immobilized with an amine coupling kit (GE
Healthcare; cat. no. BR-1000−50) on a CM5 sensor chip (GE
Healthcare; cat. no. BR-1000−12) following the manufacture’s
instructions for a low-density chip. Three separate sets of
dilutions of hRS7 IgG and IMMU-132 were made in running
buffer (400, 200, 100, 50, and 25 nM). Each set would make up
a separate run on the BIACORE (BIACORE-X; Biacore Inc.,
Piscataway, NJ), and data were analyzed using BIAevaluation
software (Biacore Inc., v4.1). Analysis was performed with a 1:1
(Langmuir) binding model and fit using all five concentration
points for each sample run to determine the best fit (lowest χ2

value). The KD value was calculated using the formula KD =
kd1/ka1, where kd1 is the dissociation rate constant and ka1 is
the association rate constant.

Immunohistological Assessment of the Distribution
of Trop-2 in Formalin-Fixed, Paraffin-Embedded Tis-
sues. Tumor xenografts were taken from mice, fixed in 10%
buffered formalin, and paraffin-embedded. After deparaffina-
tion, 5 μm sections were incubated with Tris/EDTA buffer
(DaKo target retrieval solution, pH 9.0; Dako, Denmark) at 95
°C for 30 min in a NxGen decloaking chamber (Biocare
Medical, Concord, CA). Trop-2 was detected with a goat
polyclonal anti-human Trop-2 antibody at 10 μg/mL (R&D
Systems, Minneapolis, MN) and stained with Vector Vectastain
ABC kit (Vector Laboratories, Inc., Burlingame, CA). Normal
goat antibody was used as the negative control (R&D Systems,
Minneapolis, MN). Tissues were counterstained with hema-
toxylin for 6 s.

Trop-2 Surface Expression on Human Carcinoma Cell
Lines. Expression of Trop-2 on the cell surface is based on flow
cytometry. Briefly, cells were harvested with Accutase cell
detachment solution (Becton Dickinson (BD), Franklin Lakes,
NJ; cat. no. 561527) and assayed for Trop-2 expression using
QuantiBRITE PE beads (BD cat. no. 340495) and a PE-
conjugated anti-Trop-2 antibody (eBiosciences, cat. no. 12-
6024) following the manufacture’s instructions. Data were
acquired on a FACSCalibur flow cytometer (BD) with
CellQuest Pro software. Staining was analyzed with Flowjo
software (Tree Star, Ashland, OR).

Pharmacokinetics. All animal studies were approved by
Rutgers School of Biomedical and Health Sciences Institutional
Animal Care and Use Committee. Naiv̈e female NCr nude (nu/
nu) mice, 8−10 weeks old, were purchased from Taconic Farms
(Germantown, NY). Mice (N = 5) were injected i.v. with 200
μg of IMMU-132, parental hRS7, or modified hRS7-NEM
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(hRS7 treated with TCEP and conjugated with N-ethyl-
maleimide). Animals were bled via retroorbital plexis at 30 min
and 4, 24, 72, and 168 h postinjection. ELISA was utilized to
determine serum concentrations of total hRS7 IgG by
competing for the binding to an anti-hRS7 IgG idiotype
antibody with a horseradish peroxidase conjugate of hRS7.
Serum concentrations of intact IMMU-132 were determined
using an anti-SN-38 antibody to capture and a horseradish
peroxidase-conjugated anti-hRS7 IgG antibody to detect.
Pharmacokinetic (PK) parameters were computed by non-
compartmental analysis using Phoenix WinNonlin software
(version 6.3; Pharsight Corp., Mountainview, CA).
Assessment of Double-Stranded DNA Breaks In Vitro.

For drug activity testing, BxPC-3 cells were seeded in 6-well
plates at 5 × 105 cells/well and held at 37 °C overnight. After
10 min cooling on ice, cells were incubated with IMMU-132,
hA20-SN-38, or hRS7-IgG at a final concentration of 20 μg/mL
for 30 min on ice, washed three times with fresh media, and
then returned to 37 °C to continue culture overnight. The
following morning, cells were trypsinized briefly, spun down,
stained with Fixable viability stain 450 (BD Biosciences, San
Jose, CA), washed with 1% BSA−PBS, fixed in 4% formalin for
15 min, washed again, and permeabilized in 0.15% Triton X-
100 in PBS for another 15 min. After washing twice with 1%
BSA−PBS, cells were incubated with mouse anti-γH2AX-
AF488 (EMD Millipore Corporation, Temecula, CA) for 45
min at 4 °C. The signal intensity of γH2AX was measured by
flow cytometry using a BD FACSCanto (BD Biosciences, San
Jose, CA).
In Vivo Therapeutic Studies. NCr female athymic nude

(nu/nu) mice, 4−8 weeks old, were purchased from Taconic
Farms (Germantown, NY). NCI-N87 gastric tumor xenografts
were established by harvesting cells from tissue culture and
making a final cell suspension 1:1 in Matrigel (BD Bioscience,
San Jose, CA), with each mouse receiving a total of 1 × 107

cells s.c. in the right flank. For BxPC-3, xenografts of 1 g were
harvested, and a tumor suspension was made in HBSS to a
concentration of 40% tumor w/v. This suspension was mixed
1:1 with Matrigel for a final tumor suspension of 20% w/v.
Mice were then injected with 300 μL s.c. Tumor volume (TV)
was determined by measurements in two dimensions using
calipers, with volume defined as L × w2/2, where L is the
longest dimension of the tumor and w, the shortest. For IHC,
tumors were allowed to grow to approximately 0.5 cm3 before
the mice were euthanized and the tumors were removed,
formalin-fixed, and paraffin-embedded. For therapy studies,
mice were randomized into treatment groups, and therapy
began when tumor volumes were approximately 0.25 cm3.
Treatment regimens, dosages, and number of animals in each
experiment are described in the Results and in the figure
captions. The lyophilized IMMU-132 and control ADC (hA20-
SN-38) were reconstituted and diluted as required in sterile
saline.
Mice were euthanized and deemed to have succumbed to

disease once tumors grew to greater than 1.0 cm3 in size. Best
responses to therapy were defined as partial response, shrinking
>30% from starting size; stable disease, tumor volumes
shrinking up to 29% or increase no greater than 20% of initial
size; progression, tumors increase ≥20% either from their
starting size or from their nadir. Time to progression (TTP)
was determined as time post-therapy initiation when the tumor
grew more than 20% in size from its nadir.

Statistical analysis of tumor growth was based on area under
the curve (AUC). Profiles of individual tumor growth were
obtained through linear-curve modeling. An F-test was
employed to determine equality of variance between groups
prior to statistical analysis of growth curves. A two-tailed t-test
was used to assess statistical significance between the various
treatment groups and controls, except for the saline control,
where a one-tailed t-test was used (significance at P ≤ 0.05).
Survival studies were analyzed using Kaplan−Meier plots (log-
rank analysis), using Prism GraphPad software (v4.03)
(Advanced Graphics Software, Inc., Encinitas, CA).

Immunoblotting. Cells (2 × 106) were plated in 6-well
plates overnight. The following day, they were treated with
either free SN-38 (dissolved in DMSO) or IMMU-132 at an
SN-38 concentration equivalent to 0.4 μg/mL (1 μM). Parental
hRS7 was used as a control for the ADC. Cells were lysed in
buffer containing 10 mM Tris, pH 7.4, 150 mM NaCl, protease
inhibitors, and phosphatase inhibitors (2 mM Na2PO4, 10 mM
NaF). A total of 20 μg of protein was resolved in a 4−20% SDS
polyacrylamide gel, transferred onto a nitrocellulose membrane,
and blocked by 5% nonfat milk in 1× TBS-T (Tris-buffered
saline, 0.1% Tween-20) for 1 h at room temperature.
Membranes were probed overnight at 4 °C with primary
antibodies followed by 1 h incubation with anti-rabbit
secondary antibody (1:2500) at room temperature. Signal
detection was done using a chemiluminescence kit (Supersignal
West Dura, Thermo Scientific, Rockford, IL) with the
membranes visualized on a Kodak Image Station 40000R.
Primary antibodies p21Waf1/Cip1 (cat. no. 2947), caspase-3 (cat.
no. 9665), caspase-7 (cat. no. 9492), caspase-9 (cat. no. 9502),
PARP (cat. no. 9542), β-actin (cat. no. 4967), pJNK1/2 (cat.
no. 4668), JNK (cat. no. 9258), and goat anti-rabbit-HRP
secondary antibody (cat. no. 7074) were obtained from Cell
Signal Technology (Danvers, MA).
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