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Abstract
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Antibody-drug conjugates (ADCs) are an emerging class of cancer therapeutics comprised of a tumor-targeting antibody linked to a

cytotoxic payload. Sacituzumab govitecan (SG or IMMU-132) is comprised of a trophoblast cell-surface antigen 2 (TROP-2)-directed

antibody linked to the topoisomerase 1 inhibitor, SN-38. SG was designed to exploit the overexpression of TROP-2, observed in a variety

of different epithelial cancers, to enhance tumor-selective cytotoxicity while minimizing damage to normal tissues. SG is approved for
pretreated metastatic triple-negative breast cancer (nNTNBC) and hormone receptor-positive human epidermal growth factor receptor 2
(HER2) negative breast cancer patients. While SG has shown significant clinical benefit, the objective response rate (ORR) observed
with SG in pretreated mTNBC patients in the Phase I/II basket study was 33.3%, indicating a heterogeneous response profile to SG. This
article explores the potential influence of autophagy, senescence, and the patient’s immune system on the treatment response.
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1. Introduction

Antibody-drug conjugates (ADCs) are a promising
class of biopharmaceuticals that consist of monoclonal an-
tibodies linked to a cytotoxic payload. As a targeted thera-
peutic, ADCs are designed to selectively deliver a cytotoxic
drug to cancer cells based on their overexpression of spe-
cific antigenic proteins, thereby minimizing the impact on
healthy cells [1]. These drugs have recently emerged at the
forefront of targeted cancer therapy. Currently, there are
15 Food and Drug administration (FDA)-approved ADCs
and more than 78 ADC drugs at different stages in clini-
cal trials. While this commentary focuses specifically on
sacituzumab govitecan (SG) [2,3], the concepts discussed
herein are likely to be generally relevant to all or most
classes of ADCs.

SG is an FDA-approved ADC that targets Trophoblast
cell-surface antigen 2 (TROP-2), a 40-kDa transmembrane
glycoprotein that is overexpressed in a variety of cancers,
including breast, lung, prostate, bladder and colorectal car-
cinomas [3—10]. High levels of TROP-2 expression are
often associated with higher metastatic potential and in-
creased tumor aggressiveness [5—7]. As a targeted ap-
proach, SG offers an alternative treatment option for pa-
tients with TROP-2-expressing cancers, particularly those
with limited response to conventional therapies [2—4,6,11,
12]. The main constituents of SG include the anti-TROP-

2 monoclonal antibody, the SN-38 payload, which is a
topoisomerase I inhibitor that is the active metabolite of
the chemotherapeutic drug, irinotecan, and a pH-sensitive,
hydrolysable linker, which binds the antibody to the drug
[3,4,11-13].

All ADCs have three main components: an antibody
targeted against a tumor-associated antigen, a linker, and
a cytotoxic payload. The mechanism of action of SG (as
well as majority of ADCs) involves tumor-targeted mono-
clonal antibody binding, endocytic internalization, lysoso-
mal degradation and payload release, allowing for the cyto-
toxic action of SN-38 to be expressed largely at the tumor
site. This process has been described quite extensively in
previous literature [2,10,11]. While the dissociation of SN-
38 from the antibody is a critical step, the overall efficacy
of SG is a result of the combined effects of targeted deliv-
ery, effective internalization, and the potent cytotoxic ac-
tion of SN-38 once it is released inside the cancer cell. Im-
portantly, ADCs such as SG are not only capable of killing
antigen-expressing cells following internalization, but also
eliminate adjacent tumor cells that do not express the target
antigen by releasing the drug in the tumor microenviron-
ment due to its cleavable linker (often termed a bystander
effect) [12—15].

To our knowledge, while both autophagy and senes-
cence are well-established responses to both chemother-
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apy and radiation that may influence therapeutic outcomes,
there have been no published studies of either autophagy or
senescence in response to SG in any preclinical models or
cancer in the clinic. Studies of autophagy induced by other
ADC:s are indicated below.

2. Autophagy

Autophagy is a cellular process that is activated in re-
sponse to various stressors, including nutrient deprivation,
starvation, infection and hypoxia [16,17]. The autophagic
machinery degrades unfolded proteins and damaged or-
ganelles to maintain cellular homeostasis and generate en-
ergy. Tumor cells also exploit autophagy for energy pro-
duction, which facilitates their survival under stress. This
form of autophagy, known as cytoprotective autophagy,
plays a critical role in protecting tumors from the cyto-
toxic effects of various antineoplastic modalities [18—20].
Inhibiting cytoprotective autophagy through pharmacolog-
ical or genetic methods typically increases the sensitivity
of tumor cells to radiation or chemotherapy in preclinical
models [19-24]. In addition to cytoprotective autophagy,
other forms of autophagy that have been identified include
cytotoxic, non-protective, and cytostatic autophagy, where
the latter form is generally accompanied by senescence in-
duction [25-28]. Targeting the cytoprotective form of au-
tophagy utilizing autophagy inhibitors such as chloroquine
(CQ) or hydroxychloroquine (HCQ) [16,18,29] or exploit-
ing the autophagic machinery to degrade cellular proteins
[30,31] also represents a promising strategy to enhance the
efficacy of current antineoplastic therapies.

Although the relationship between autophagy and SG
remains largely unexplored, the induction of autophagy in
response to other ADCs have been documented in several
studies [32-35]. For instance, trastuzumab conjugated with
emtansine (T-DM1) induced autophagy in human epider-
mal growth factor receptor 2 (HER2)-positive human breast
cancer cell lines, such as BT-474 and SK-BR-3 [32]. The
induction of autophagic flux was confirmed through in-
creased LC3I/11 levels, autophagosome formation observed
by transmission electron microscopy (TEM), and Cyto-ID
autophagy green dye labeling. This study showed that au-
tophagy inhibition using CQ suppressed the apoptosis in-
duced by T-DM1 treatment, indicative of a cytotoxic role
for the autophagic machinery in this tumor model [32].
Similar results were obtained with the autophagy inhibitor,
LY?294002, which partially suppressed the cytotoxicity of
T-DM1 in both cell lines. Mechanistically, this study
showed that autophagy induction was primarily mediated
by suppression of the mTOR pathway.

In contrast to the results reported by Liu et al. [32],
Zhang et al. [33] investigated trastuzumab-emtansine in
HER2-positive gastric cancer and found that this antibody-
drug conjugate induced cytoprotective autophagy. These
investigators observed autophagy induction in NCI-N87
cells through multiple methods, including upregulation of

LC3II, degradation of p62/SQSMTI1, and Cyto-ID and
Lysotracker double staining. Notably, the autophagy in-
hibitors 3-MA and LY?294002 significantly enhanced the
toxicity of T-DM1, suggesting a cytoprotective role for au-
tophagy in this experimental model system. These find-
ings were further confirmed in vivo, where combining T-
DM1 with LY294002 resulted in greater antitumor activ-
ity compared to either treatment alone, with evidence for
autophagy inhibition such as reduced LC3II levels and in-
creased p62/SQSTM1 accumulation. The results of these
studies by Liu et al. [32] and Zhang et al. [33] underscore
the cell-context-dependent nature of autophagy [34,35], in
addition to highlighting the autophagic switch phenomenon
where one form of autophagy can transition into another, in
part depending on the genetic makeup of the experimental
model [36,37].

Another ADC linked to autophagic flux is Rituximab-
Monomethyl Auristatin E (Rituximab-MMAE), in which
rituximab binds to the anti-tubulin drug, MMAE [38—40].
Wang et al. [40] investigated the effects of Rituximab-
MMAE in non-Hodgkin lymphoma (NHL) using Ramos
and Daudi cells. Their in vitro studies demonstrated that
Rituximab-MMAE induced significant dose-dependent cell
death. These results were further confirmed in vivo us-
ing BABL/c nude mice, which were subcutaneously in-
jected with Ramos or Daudi cells. In these models,
MMAE showed notable anti-tumor activity. The study
then explored autophagy induction, which was evidenced
by autophagosome formation observed through transmis-
sion electron microscopy, increased LC3I/II levels, and
degradation of p62/SQSTMI1. Mechanistically, the au-
thors found that Rituximab-MMAE induced autophagy
through inhibition of the AKT/mTOR pathway. Interest-
ingly, autophagy inhibition using CQ partially suppressed
Rituximab-MMAE-induced toxicity. In contrast, treatment
with rapamycin, a mammalian target of rapamycin (mTOR)
inhibitor that promotes autophagy [27], further augmented
the toxicity of Rituximab-MMAE, both in vitro and in vivo.
These findings demonstrated the cytotoxic role of the au-
tophagic machinery induced by Rituximab-MMAE in the
NHL tumor model.

Similarly, Xu et al. [41] investigated the effects
of MMAE conjugated to a TROP-2-targeted antibody,
aTROP2, in pancreatic cancer. This study confirmed the
cytotoxicity of aTROP2-MMAE in vitro using TROP-2-
positive BxPC3 and PK59 cell lines, as measured by the cell
counting kit 8 (CCK-8) assay. These findings were further
validated in vivo in immunodeficient NCG mice injected
subcutaneously with BxPC3 cells, where « TROP2-MMAE
demonstrated significant antitumor activity. The induction
of autophagic flux in this system was confirmed through au-
tophagosome formation visualized by TEM, Cyto-ID stain-
ing, and increased LC3I/II levels alongside p62/SQSTM1
degradation. Autophagy induction was shown to be pri-
marily mediated by inhibition of the mTOR pathway, as ev-
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idenced by the reduced phosphorylation levels of key pro-
teins such as Ak strain transforming (AKT), mTOR, Ribo-
somal protein S6 kinase beta-1 (P70S6K), and Eukaryotic
translation initiation factor 4E-binding protein 1 (4E-BP1).
Notably, autophagy inhibition using LY294002 enhanced
the cytotoxicity of aTROP2-MMAE, as reflected by in-
creased levels of apoptosis. Conversely, treatment with
rapamycin, an mTOR activator, attenuated the antitumor
efficacy of aTROP2-MMAE, suggesting a cytoprotective
role of autophagic flux induced by this ADC in pancreatic
cancer cells. These results were further confirmed in vivo,
where the combination of « TROP2-MMAE and LY294002
showed significantly greater antitumor activity compared to
either treatment alone.

In addition to the aforementioned conjugates, sev-
eral other ADCs that utilize MMAEas a payload have
also been investigated. For instance, «CLDN18.2-MMAE
demonstrated cytoprotective autophagy in gastric cancer
[42], while Nectin-4-MMAE induced cytoprotective au-
tophagy in pancreatic cancer cells [43]. The latter conju-
gate mediated this autophagy response through inhibition
of the mTOR pathway. Collectively, these findings pro-
vide strong evidence that autophagy is likely to also be in-
duced in response to SG. It is important to note that different
forms of autophagy have been induced by SN-38, the active
metabolite of irinotecan, in several tumor models. These
include cytoprotective autophagy in colorectal cancer [44],
cytotoxic autophagy in gastric cancer [45], and cytoprotec-
tive autophagy in breast cancer [46], and in the HCT116-
TP53 KO colon cancer cell line [47]. This raises the ques-
tion of whether SG compounds will induce similar forms of
autophagy to SN-38, or if the nature of autophagy will dif-
fer, as well as whether the autophagy induction would be
through mTOR inhibition. Additionally, it prompts the in-
quiry of whether targeting autophagy could be a valid strat-
egy to overcome or at least limit the development of re-
sistance to the SG compound in those cases where the SG
compound induces the cytoprotective form of autophagy.

3. Senescence

Another essentially ubiquitous response to cancer
therapy that could influence tumor cell sensitivity to SG
is cellular senescence. Senescence refers to a stable form
of growth arrest, where tumor cells adapt to overcome
the detrimental effects of radiation and chemotherapeu-
tic agents, in part by suppressing apoptosis [48,49]. In
addition to therapy-induced senescence (TIS), oncogene-
induced senescence (OIS) and replicative senescence are
well-established forms of prolonged growth arrest that re-
flect, respectively, efforts by the cell to prevent transforma-
tion and the shortening of telomeres after multiple cycles
of replication in normal cells [50,51]. Extensive findings
in recent literature have reported the recovery/escape of tu-
mor populations from therapy-induced senescence [52,53].
Notably, these recovered populations often exhibit a more
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aggressive nature, suggesting that senescence may act as
a reservoir for tumor cells that evade the cytotoxicity of
chemotherapy and radiation, contributing to tumor dor-
mancy and ultimately, disease recurrence [54,55].

The hallmarks of a senescent cell population are di-
verse, and include enlarged and flattened cell morphology,
distorted nuclear morphology, genomic instability, upregu-
lation of the lysosomal enzyme, [3-galactosidase, apoptosis
resistance due to the accumulation of anti-apoptotic pro-
teins, cell cycle arrest associated with the upregulation of
cell cycle regulatory proteins such as p16 and p21, genera-
tion of reactive oxygen species (ROS), altered metabolism,
surface protein alteration, and mitochondrial disfunction
[56]. Another critical element is the secretion of vari-
ous chemokines, cytokines, growth factors and metallo-
proteinases [55-57] collectively termed the senescence-
associated secretory phenotype (SASP) [57]. SASP fac-
tors can significantly alter the local tissue microenviron-
ment and modulate both innate and adaptive immune re-
sponses, ultimately preventing the elimination of senescent
cells. This can contribute to chronic inflammation, cancer
progression and metastasis [49,57,58].

To our knowledge, there is essentially no information
regarding the relationship between senescence and SG, or
any other ADC, but some studies suggest that senescence
may contribute to the development of resistance in SG or
ADCs in general. For instance, one hallmark of senes-
cence is the upregulation of anti-apoptotic proteins, which
has been reported in resistance to the ADC, gemtuzumab-
ozogamicin, in acute myeloid leukemia and to anti-CD79b-
vc-MMAE in NHL cell lines [59,60]. Additionally, p21 ac-
cumulation, which almost universally accompanies senes-
cence, was reported in the studies by Cardillo et al. [61]
upon treatment with SG in HCC1806 (triple-negative breast
cancer (TNBC)), S637 (human head and neck squamous
cell carcinoma) and RT4 (bladder carcinoma) cell lines.
ADC-induced senescence is likely to be related to the ca-
pacity of the ADC payloads to induce DNA damage (e.g.,
alkylating agents or topoisomerase inhibitors such as SN-
38), whereas microtubule-targeting agents (auristatins and
maytansinoids) may preferentially trigger apoptotic cell
death [62]. Therefore, it appears highly likely that senes-
cence will also prove to be a component of the tumor cell
response to SG, given the evidence for senescence induc-
tion by both irinotecan and SN-38 [63—-66].

4. Immunogenic Properties

Virtually all preclinical literature relating to SG (as
well as other ADCs) involves studies in human tumor
cells and cell lines either in culture or in immune-deficient
tumor-bearing mice. This is chiefly due to ADCs being
comprised of humanized antibodies, which are specific for
the human antigen and not necessarily the mouse antigen
[67] as well as that TROP-2 is largely considered to be a
human tumor antigen. Consequently, there is little infor-
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mation on the potential involvement of the immune system
in sensitivity (or resistance) to ADCs.

Whereas SG is presumed to act primarily by deliv-
ering the potent cytotoxic agent, SN-38 to TROP-2 ex-
pressing cancer cells, the antibody itself may have intrin-
sic antitumor properties. TROP-2, the target antigen, is
involved in regulating cell proliferation, survival, and mi-
gration, and TROP-2 overexpression is associated with ag-
gressive tumor behavior in various cancers [5,7,8]. The
anti-TROP-2 antibody component of SG may inhibit these
tumor-promoting functions by blocking the ligand-receptor
interactions necessary for TROP-2 signaling [3,68].

The antibody itself could mediate additional immune-
related effects that contribute to the overall anti-tumor ac-
tivity of SG by flagging the tumor cells for destruction by
immune cells via antibody-dependent cellular cytotoxicity
(ADCC) [69,70]. However, the native antibody’s ADCC
activity has been reported to be substantially reduced (by
up to 60%), when it is conjugated to SN-38 to create SG
[9]. In ADCC, antibodies enhance anti-cancer immunity
when the Fc portion of the antibody binds to Fc receptors on
immune effector cells, such as natural killer (NK) cells,
macrophages and neutrophils. This binding triggers the im-
mune cells to release cytotoxic molecules that induce the
death of the target cancer cells [71,72], which could serve
as an additional mechanism to target and eliminate TROP-
2 positive tumor cells, enhancing the overall therapeutic
effect of SG [73]. In addition to ADCC, complement-
dependent cytotoxicity (CDC) is another possible immune-
related mechanism that could enhance the action of SG.
When the antibody binds to its target, TROP-2 , on the sur-
face of tumor cells, it may activate the complement cascade,
leading to the formation of the membrane attack complex
(MAC), which can cause lysis of the tumor cells [74,75].
Although CDC is typically less potent than ADCC in the
context of most ADCs, it could still play a role in enhanc-
ing SG’s anti-tumor effects, particularly in tumors that are
susceptible to complement activation [76]. However, there
is currently no evidence for CDC activity associated with
hRS7 (a humanized monoclonal antibody that targets the
TROP-2 protein), or SG in the existing literature.

Finally, the tumor microenvironment (TME) can im-
pact the effectiveness of SG and its immune-mediated
mechanisms [77—79]. Tumors with an immunosuppressive
microenvironment, characterized by the presence of reg-
ulatory T cells (Tregs), myeloid-derived suppressor cells
(MDSCs) or immune checkpoint molecules, may in-
hibit the ability of immune effector cells to fully en-
gage in ADCC or CDC [80]. Conversely, treatment
with SG might indirectly modulate the immune microen-
vironment by inducing tumor cell death, which could re-
lease neoantigens and promote the activation of adaptive
immune responses [81]. This process, often referred to
as immunogenic cell death, could contribute to the devel-
opment of long-term immune memory and prevention of tu-

mor recurrence [82]. Understanding these immune-related
effects is crucial for optimizing ADC design and for iden-
tifying strategies to combine SG with other immunothera-
pies, ultimately paving the way for more effective and per-
sonalized cancer treatment regimens.

5. Combination and Sequential Treatments

Although monotherapies remain a highly relevant
treatment approach, especially within the context of tar-
geted treatments such as ADCs, combination and sequential
treatments represent critically important therapeutic modal-
ities [83]. Concurrent exposure to multiple agents allows
for more effective elimination of the tumor cell population,
with the therapies working additively, synergistically, or
more likely through independent drug action [84]. While
more pronounced and extensive tumor cell eradication ob-
served in combination therapies translates to a more durable
response and reduces the chance for acquired drug resis-
tance, it is often associated with worse side effects for the
patient [85]. Sequential treatments involving multiple ther-
apies administered in a consecutive and scheduled manner
may yield similar benefits without the disadvantage of ad-
ditional toxicities.

While targeted therapies such as ADCs are designed
to improve specificity towards cancer cells, enhancing the
overall tumor response as well as limiting exposure to
healthy cells, their utilization also faces the hurdles of tu-
mor heterogeneity and drug resistance [86]. Thus, tar-
geted therapies such as ADCs used in combination or in
sequence with other treatments, including chemotherapies,
immunotherapies, and hormone therapies, represent an ap-
pealing therapeutic approach. A number of combinational
preclinical studies have been reported, with the aims of con-
firming and understanding mechanisms, evaluating for effi-
cacy, assessing treatment design, and testing for safety pro-
files.

A study performed by Chang et al. [87] demon-
strated an improved response to SG in combination with the
ATP-binding cassette sub-family G member 2 (ABCG2) in-
hibitors Ko143 and YHO-13351 in SN-38-resistant breast
and stomach cancer cell lines. The results from their in
vivo studies, which evaluated the combination treatment of
YHO-13351 and SG in NCr female athymic nude (nu/nu)
mice bearing SN-38-resistant stomach cell line xenografts,
indicated a 64% increased survival versus untreated animals
[87].

Studies by Cardillo ef al. [88] explored combina-
tion treatments of SG with the Poly(ADP-ribose) poly-
merase (PARP) inhibitors, olaparib, rucaparib, or tala-
zoparib in BRCA1/2—wild-type TNBCs. The combina-
tion synergistically inhibited the growth of multiple breast
cancers, causing increased DNA damage (double-strand-
DNA breaks evaluated through Phospho-Histone H2AX,
a histone variant protein crucial for DNA repair) and ap-
peared to work independently of BRCAI/2 status. Fur-
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thermore, results from tumor-bearing NCr female athymic
nude (nu/nu) mice demonstrated significant antitumor ef-
fects and survival benefits versus any monotherapy admin-
istration alone. These results, along with the favorable tox-
icity profiles generated from additional studies in BALB/c
mice demonstrated a promising therapeutic strategy and in-
fluenced the design of clinical trials (NCT04039230) and
(NCT03992131). In the former, sequential treatment of SG
followed by talazoparib, but not simultaneous combination
therapy, was shown to be effective for patients with TNBC
(NCT04039230) [89]. In the latter trial (NCT03992131),
the PARP inhibitor rucaparib, FGFR and VEGFR inhibitor
Lucitanib, and SG were evaluated in combination, and al-
though the initial studies showed favorable antitumor ef-
fects, this study was terminated due to dose-limiting toxic-
ities.

A recent finding by Cardillo et al. [61] demon-
strated additive-like interactions of carboplatin or cisplatin
with SG in TNBC, urothelial, and NSLC cell lines, which
trended toward synergism at higher concentrations. Their
in vitro work also demonstrated that the combination treat-
ment, shifted cell fates towards apoptosis, indicated by rel-
ative ratios of pro- and anti-apoptotic proteins including B-
cell lymphoma 2 (BCL-2) associated X, apoptosis regula-
tor (Bax) ratio to BCI-2 (Bax:Bcl-2), and induced myeloid
leukemia cell differentiation protein (MCL-1) and survivin
expression. In vivo investigations showed significant an-
titumor effects versus controls of SG with carboplatin as
well as SG with cisplatin in models of triple negative breast
cancer, and small cell lung cancer (SCLC) tumor-bearing
mice. Importantly, the combinations were well tolerated
by the animals [61].

Bardia et al. [89] performed in vitro studies in TNBC
cell lines which influenced the design of sequential treat-
ment of SG followed by PARP inhibition in a clinical trial
(NCT04039230). Sequential treatment with SG followed
by talazoparib stabilized the (topoisomerase 1) TOP1 cleav-
age complex, leading to increased DNA damage, as in-
dicated by Phospho-Histone H2AX levels, and ultimately
promoting apoptosis. This design of sequential treatment
with SG followed by PARPi not only proved to be effica-
cious but also exhibited a much more tolerable toxicity pro-
file than the concurrent combination treatment [89].

Similarly, preclinical analyses evaluating the com-
bination of the investigational compound and WEE1 G2
checkpoint kinase (WEE1) tyrosine kinase inhibitor, De-
bio123, with SG [90] informed a currently recruiting clin-
ical trial (NCT06612203), WIN-B, which is evaluating
the safety and activity of the combination in patients with
TNBC as well as HR+/HER2- BC. Preclinical in vitro stud-
ies showed that the combination exhibited synergy in breast,
colorectal cancer (CRC), and glioblastoma cell lines. In
vivo studies of TNBC xenografts in the highly immunod-
eficient (NSG) laboratory mice lacking T cells, B cells, and
natural killer (NK) cells showed sustained complete regres-
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sion in TROP-high expressing tumors as well as reduced
metastasis and improved response in TROP-low expressing
tumors [90].

Parameters that could be investigated in preclinical
settings to better guide clinical studies include the determi-
nation of novel efficacious combinational treatments with
SG, elimination and/or inclusion of cancer types for a pro-
posed treatment combination, determination of necessity
and prevalence of specific biomarkers or characteristics of a
malignancy, discovery of the best treatment scheduling and
regimens, and assessments for toxicity profiles.

6. Conclusions

SN-38, the payload for SG, is approximately 1000
times more potent than irinotecan, and its conjugation with
an antibody targeting TROP-2 was hypothesized to enhance
its efficacy by concentrating its action specifically within
tumor cells, thus minimizing off-target toxicity. However,
tumor cell overexpression of TROP-2, while often associ-
ated with SG efficacy, is unlikely to be the sole predictor
of its effectiveness. Tumor-specific factors that influence
ADC efficacy can include the promotion of autophagy and
senescence and the potential involvement of the immune
system. The latter has received little attention since virtu-
ally all tumor-bearing animal studies have been performed
with immune-deficient mice implanted with human tumors.
Finally, integrating SG with other chemotherapeutic agents,
targeted therapies, or immune checkpoint inhibitors could
potentially improve patient outcomes. However, there are
only a limited number of preclinical studies in which such
combinations or sequential treatments have been evaluated.
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