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Abstract
Purpose of review  Summarizing the current preclinical and clinical evidence about bystander effect of antibody–drug con-
jugates (ADCs) in solid tumors.
Recent findings  One of the main challenges of treating solid tumors with ADCs is the heterogeneous expression of the tar-
get antigen (Ag), which however may be overcome by the so-called bystander killing effect. This unique, but still debated, 
feature of certain ADCs is represented by the unintentional payload diffusion from Ag-positive tumor cells to adjacent Ag-
negative tumor cells. Some pharmacological characteristics, such as a hydrophobic payload or a cleavable linker, seem to 
play a major role in this effect.
Summary  Abundant preclinical evidence of the bystander effect has emerged, and the clinical activity of ADCs in tumors 
with a heterogeneous Ag expression suggests the relevance of this feature. Additional studies are required to investigate if 
the bystander effect is necessary for achieving a solid activity with ADCs.

Keywords  Antibody–drug conjugates · Bystander effect · Trastuzumab deruxtecan · Trastuzumab emtansine · Sacituzumab 
govitecan

Introduction

Antibody–drug conjugates (ADCs) have recently emerged as 
a highly effective therapeutic strategy for cancer [1••]. The 
embryonic idea of ADCs, namely the “magic bullet,” was 
firstly postulated in early 1900s by Nobel Prize Paul Ehrlich 
[2]. Since then, bioengineering improvements and pharma-
ceutical discoveries have led to the modern ADC design: a 
monoclonal antibody (mAb) capable of selective binding 

to a tumor-associated antigen and connected to a cytotoxic 
drug—i.e., the payload or warhead, through a chemical 
linker. The average number of payload molecules per ADC 
is named Drug-to-Antibody Ratio (DAR). Each ADC is 
equipped with a specific combination of these features (i.e. 
mAb, target molecule, linker, payload, DAR), determining 
the ADC-specific pharmacological and clinical properties. 
Consequently, complex interactions may arise between each 
ADC and the various constituent of the tumor microenviron-
ment (TME) [1••, 3].

The first introduction of an ADC as treatment for solid 
tumors dates back to 2013, when the Food and Drug Admin-
istration (FDA) approved the human epidermal growth fac-
tor 2 (HER2)-targeted ADC ado-trastuzumab emtansine 
(T-DM1) for the treatment of metastatic breast cancer 
(BC). Since then, improvements in mAb production, linker 
technology, and innovative payloads determined the rise of 
novel ADCs, with improved clinical activity and enlarged 
spectrum of targetable malignancies. One of the main chal-
lenges in treating solid tumors with ADCs is the heterogene-
ous expression of the target antigen (Ag) in primary tumor 
tissues and, if present, in metastasis. Innovative cleavable 
linkers and hydrophobic payloads have been proposed as 
a possible solution, mainly because of their hypothetical 
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major role played in the so-called “bystander killing effect.” 
This unique—but still debated—phenomenon is thought to 
improve ADC activity in cancers harboring a heterogeneous 
Ag expression, because of the unintentional payload diffu-
sion from Ag-positive (Ag +) tumor cells to adjacent Ag-
negative (Ag-) tumor cells [4, 5].

In this review, we summarize the current knowledge 
about the ADC bystander effect, discussing the challenges 
and the opportunities to demonstrate such activity in pre-
clinical and clinical models.

Preclinical evidence of the bystander effect

As stated before, the bystander killing effect is the property 
of certain ADCs to elicit antitumor activity against cancer 
cells located near targeted Ag + cells, regardless of target Ag 
expression [4, 6]. This pharmacological characteristic seems 
to be strictly related to the ADC design, in particular to the 
biochemical features of the linker and the payload. Indeed, 
preclinical evidence highlights the importance of a cleavable 
linker that could release the payload from the Ab moiety and 
a hydrophobic warhead that could diffuse through the cell 
membrane towards neighboring cells. Mathematical models 
have been proposed to quantify and predict the rate and the 
extent of the bystander effect, mainly based on cytotoxic 
and in vitro studies of conjugates of the HER2-directed 
monoclonal antibody, trastuzumab [7]. Here we summarize 
the main reports of a bystander effect of different ADCs in 
preclinical models [4, 7].

Trastuzumab deruxtecan (T-DXd), also known as DS-
8201a, is an innovative ADCs that merges the charac-
teristics of trastuzumab with a potent topoisomerase I 
inhibitor, exatecan derivative (DXd), highly membrane-
permeable compared to emtasine, and T-DM1 payload. 
The proprietary tetrapeptide-based linker of T-DXd is 
connected to the antibody backbone via cysteine resi-
dues, it is designed to be stable in plasma and selectively 
cleaved by lysosomal enzymes such as cathepsin B and L, 
highly expressed in tumor cells [8, 9]. On the other hand, 
T-DM1 is composed by trastuzumab, a non-cleavable 
thioether linker and DM1, an inhibitor of tubulin polym-
erization. Both T-DXd and T-DM1 need to recognize the 
HER2 extracellular domain on the surface of the target 
tumor cell and both need to be internalized in order to 
exert their antitumoral activity. However, once internal-
ized, T-DM1 relies on the lysosomal degradation of the 
entire antibody–linker construct to release its payloads, 
resulting in the retention of charged amino acids on the 
payload, which affects its cell permeability.

After T-DXd is internalized into HER2 + cells and 
releases its payload, DXd could penetrate neighboring cells 
because of its high membrane permeability.

In vitro cell viability assays using a mixture of the 
ERBB2/HER2-amplified (HER2 +) human gastric car-
cinoma cells NCI-N87 and the HER2-negative (HER2-) 
human breast adenocarcinoma cells MDA-MB-468 
demonstrated the capacity of T-DXd to kill not only the 
HER2 + NCI-N87 cells but also the neighbor HER2- 
MDA-MB-468 cells, in contrast to T-DM1 [8]. Similarly, 
xenograft experiments using a mixture of NCI-N87 cells 
and luciferase-expressing MDA-MB-468 cells validated the 
bystander effect of T-DXd in vivo: indeed, T-DXd reduced 
the luciferase signal in mice, indicating suppression of the 
HER2- population, while T-DM1 and another trastuzumab-
based conjugated with a low-permeable payload did not. Of 
note, T-DXd was not effective in the HER2- cells inoculated 
in in a different site from the HER2 + cells, suggesting that 
the bystander killing effect can only be observed locally. 
Thus, an unspecific systemic toxicity or toxicity of normal 
tissues distant from the HER2 + tumor sites should be con-
sidered as low [8]. Another recent in vivo study evaluated 
a novel imaging system using fluorescent nanoparticles 
(phosphor-integrated dots, PID) as a label for immunostain-
ing to visualize the spatial distribution of T-DXd in tumor 
tissues. The authors demonstrated that while trastuzumab 
signal overlapped with the HER2 + areas of the tumors, DXd 
was equally distributed in the HER2 + and HER2- regions 
of the tumors [10].

Trastuzumab duocarmazine, also known as SYD985, is 
an ADC based on trastuzumab mAb conjugated to a cleava-
ble linker-duocarmycin payload, valine citrulline-seco DUo-
carmycin hydroxyBenzamide Azaindole (vc-seco-DUBA). 
Similarly to T-DXd, also this ADC was compared to T-DM1 
in different cell lines harboring a non-homogeneous HER2 
expression [11]. SYD985 and T-DM1 were marked with a 
fluorescent dye and their internalization was studied. The 
bystander killing assay was performed in co-coltures of 
HER2 + cell lines (SK-BR-2, SK-OV-3, MDA-MB-175-
VII) with the HER2- NCI-H520 cells. NCI-H520 cells alone 
were found to be insensitive to SYD985 and T-DM1, but 
sensitive to seco-DUBA. In a co-culture containing only 
20% of HER2 + cells, SYD985 was able to kill 65% of the 
mixed cell population, indicating a potent bystander kill-
ing effect. In the same conditions, T-DM1 was able to kill 
only 9% of the co-cultured cells. These findings suggest that 
active toxins are released after processing of SYD985 by 
the HER2 + cells, resulting in killing of the HER2- neigh-
boring cells. Moreover, the antitumor activity of the ADC 
was tested in xenografts derived by both in cell lines and in 
breast cancer patient-derived xenografts, validating SYD985 
activity in HER2-low and HER2-heterogeneous conditions. 
Pharmacokinetics assays demonstrated that HER2-mediated 
targeting to the tumor is essential for its antitumor activity 
[11]. Similar and consistent results were obtained perform-
ing in vitro and in vivo assays on epithelial ovarian cancer 
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cells, with heterogeneous and low HER2 expression, cor-
roborating the bystander activity of SYD985 [12].

Also other currently FDA-approved ADCs have shown 
bystander effect in preclinical models, for example, sacitu-
zumab govitecan (SG) [13], tisotumab vedotin (TV) [14], 
enfortumab vedotin (EV) [15], and anetumab ravtansine. 
Anetumab ravtansine (BAY 94–9343), is a novel ADC com-
posed by a human anti-mesothelin mAb, conjugated via a 
cleavable disulphide linker to microtubule inhibitor DM4. It 
is worth noting that although DM4 exhibit similar pharma-
cological and chemical characteristics to T-DM1 payload, 
the presence of a cleavable linker justifies its membrane per-
meability feature. Indeed, in vivo preclinical studies have 
shown the bystander property of this ADC: in particular, in 
patient-derived tumor models anetumab ravtansine was able 
to kill neighboring mesothelin-negative tumor cells, even in 
the presence of only 20% Ag + cells within the tumor [16].

Pharmacodynamic models using trastuzumab-based 
ADC combined with monometyl auristatin E (MMAE) sug-
gested that the bystander killing effect of the ADC increases 
proportionally to the fraction of Ag + cells and correlates 
with the antigen expression levels. Another fundamental 
variable to consider is the time from the internalization 
of the ADC by the Ag + cells to diffusion of the released 
payload to the adjacent cells and thus to the initiation of 
the bystander effect. As consequence, the bystander effect 
can slow down over time, as the population of Ag + cells 
declines [7]. Finally, a predictive computational transport 
analysis confirmed that the bystander effect could partially 
(but not fully) compensate the impaired efficacy of ADCs in 
case of heterogeneous tumoral distribution [17].

Clinical evidence of the bystander effect

Given the amount of relevant preclinical results, it is para-
mount to address the question of the clinical relevance of 
the bystander effect. ADCs have been evaluated in many 
cancer subtypes in a large number of clinical trial; to date, 
five ADCs are approved for the treatment of solid tumors: 
namely T-DM1, T-DXd, EV, TV, and SG [1••, 18]. It is 
worth noting that the impact of a possible bystander effect, 
demonstrated in preclinical setting and discussed above, 
seems to mirror a differential clinical effect in heterogene-
ous Ag + tumors (Table 1).

Regarding T-DM1, its role is well established in the 
treatment algorithm for HER2 + (IHC 3 + or 2 + FISH test 
positive) metastatic BC [19, 20]. Indeed, T-DM1 has been 
approved in second line in HER2 + breast metastatic setting 
and in adjuvant treatment of HER2 + breast cancer patients 
not achieving a pathological complete response (pCR) after 
standard neoadjuvant therapy, based respectively on the 
results of EMILIA and KATHERINE phase III trials [21••, 

22]. However, T-DM1 did not reach similar improvements 
in survival outcomes neither in HER2 + gastric cancer (GC) 
nor in HER2 + colorectal cancer (CRC), or in other histolo-
gies, as shown respectively by the results of GATSBY trial 
[23], HERACLES-B trial [24], or subprotocol Q of the NCI-
MATCH basket trial [25]. Many hypothesis have been raised 
on the differential efficacy of T-DM1 across histologies, 
involving the different roles of HER2 as driver of oncogen-
esis in BC compared to other histologies, T-DM1 intracel-
lular metabolism in GC [26], the inefficacy of the warhead, 
and the heterogeneous and dynamic HER2 expression profile 
[27, 28].

As for T-DXd, clinical data are more recent. Indeed, 
T-DXd is currently approved for T-DM1-pretreated BC, and 
received a breakthrough therapy designation by the FDA for 
treatment of HER2 + metastatic BC in second and later lines, 
due to its demonstrated activity in the phase 2 DESTINY-
Breast01 clinical trial [29••] and in the DESTINY-Breast03 
phase 3 clinical trial. Moreover, results of DESTINY-Gas-
tric01 lead to the approval of T-DXd for the treatment of 
patients with advanced HER2 + GC who have previously 
received trastuzumab [30]. For CRC, the DESTINY-CRC01 
phase 2 trial showed promising T-DXd activity in cohort A 
(HER + CRC, IHC score 2 + or 3 + and positive FISH test), 
while in cohort B (IHC 2 + and negative FISH result) and 
cohort C (IHC 1 +), no responses were observed [31].

The bystander effect could partially explain the differ-
ences in the clinical activity of the two trastuzumab-based 
ADCs, given the preclinical premises. This is especially true 
in the case of GC, where HER2 distribution is notoriously 
highly heterogeneous [27] and where only T-DXd was able 
to reach the FDA approval. Another example in this regard 
is given by HER2-low BC, where T-DM1 was not efficient in 
disease control, while novel ADCs, such as T-DXd, showed 
some signs of efficacy (Table 1). Whether this effect is 
ascribable to bystander effect is yet under investigation; nev-
ertheless, this might be one of the major clinical arguments 
favoring the existence of the bystander effect. However, it 
should be noted that the diffusion of the payload in tissue 
located near the target tumor cell or into the blood stream 
could also hypothetically increase toxicities [3]. Indeed, the 
majority of novel ADCs have shown a higher rate of toxici-
ties compared to T-DM1 [1••, 18].

Pharmacological determinants 
of the bystander effect

FFIGSeveral studies have tried to identify the major phar-
macological determinant of the bystander killing effect of 
ADCs, mainly highlighting the role of a cleavable linker and 
a hydrophobic payload [4, 8, 16, 32–34]. However, some 
considerations should be underlined (Fig. 1).
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Fig. 1   Schematic representation of antibody–drug conjugates (ADCs) 
with and without bystander killing effect. In the upper side of the 
figure, the mechanism of action of ADCs without bystander killing 
effect is represented. In the lower side of the figure, the mechanism 
of ADCs with a potential bystander killing effect is schematized.
Each prototype is characterized by the three main features thought 
to be mostly responsible for bystander killing. 1) Antibody-Target: 
the potential release of the payload before ADC internalization makes 
it not always essential for exerting a cytotoxic effect. However, the 
chemical stability of the antibody-linker bond has been studied for 
years in order to reach a balance between the specificity of the ADC 
and the risk of damage to healthy tissues, in case of premature release 
of the payload. 2) Linker: they are typically classified as cleavable 
and non-cleavable. Cleavable linkers can be subdivided into “chemi-
cally labile” (e.g., hydrazone bonds, that are pH sensitive; disulfide 
bonds) and “enzyme labile” (e.g., dipeptides, typically cleavable by 
cathepsin B; β-glucuronidase-sensitive, β-galactosidase-sensitive). 
Non-cleavable linkers are mainly represented by covalent bonds, 
such as thioether ones. They usually require intra-cellular process-
ing (e.g., through lysosomal enzymes) for cleavage and subsequent 
warhead release. Consequently, for ADCs equipped with non-cleav-
able linkers, internalization is essential for payload release. 3) Pay-
load: the chemical structure of the payload – its electric charge, in 
particular – is believed to be a critical aspect for allowing bystander 
killing. In fact, a payload must be able to exit the target cell by dif-

fusing across the phospholipid bilayer, in order to kill surrounding 
cancer cells. To do so, the payload should be nonpolar. Conversely, 
in case of ADCs equipped with a polar/charged payload, such as tras-
tuzumab emtansine, the cytotoxic drug remains trapped into the tar-
get cell. As for efficacy, ADCs exerting bystander killing effect are 
considered particularly indicated in case of tumors expressing the 
target antigen (e.g., HER2) according to a heterogeneous spectrum. 
The miniature figure on the left represents intra-tumor heterogene-
ity also in the form of sub-clonal evolution, that is typical of solid 
tumors. On the left side of the figure, there is the representation of 
the histological heterogeneity of solid tumours: green cells: tumour 
cells with a high expression of target antigen; blue cells: tumour with 
a low expression of target antigen; yellow cells: cells with no expres-
sion of target antigen. Conversely, ADCs that do not allow bystander 
killing should be restricted to target antigens that are expressed in a 
more homogeneous pattern (e.g., cluster of differentiations in hemato-
logical diseases). As for toxicity, the increased potential of bystander 
killing may rise concerns related to off-tumor toxicity, with damage 
to healthy tissues, as the main worry (miniature figure on the right). 
In fact, the historical early-phase clinical trials investigating the first 
ADCs ancestors have been interrupted due to safety concerns. Keys: 
Ag, antigen; DNA, deoxyribonucleic acid; ADC, antibody–drug con-
jugate; HER2, human epidermal growth factor receptor 2. Created 
with biorender.com
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ADCs exists in vivo as a dynamic formulation of three 
components, circulating in the blood stream: the conjugate 
(predominant part), naked antibodies and free payload mol-
ecules. The ratio between these three components can vary, 
depending on incomplete conjugation during production or 
linker lability. After extravasation from capillaries, ADCs 
diffuse slowly towards the target cells and could potentially 
release their payload in the TME before mAb-Ag engage-
ment, depending on redox environment, low pH and extracel-
lular proteases. Indeed, pH-dependent linkers could naturally 
hydrolyze in the TME that is characterized by a lower pH 
compared to normal tissues due to enhanced glycolysis and 
lactate production. This property could explain the activity 
of ADCs targeting the extracellular matrix and characterized 
by acid-labile linkers [35, 36]. Also disulfide linkers repre-
sent a point of discussion: these are characterized by direct 
covalent bonds between sulfide groups that are sensitive to 
a reducing microenvironment, in which the release of thiols 
by dead tumor cells could play a major role in producing 
a self-amplifying effect [35, 37]. Finally, also cathepsin B 
cleavable linkers could be destroyed in TME, because of the 
hyper production of proteases by tumor cells [35].

However, after antigen binding, most ADCs are inter-
nalized via the antigen-dependent processes of endocyto-
sis or the antigen-independent process of pinocytosis, then 
trafficked to endosomes, lysosomes, or caveolae [5, 32]. At 
this point, acid-cleavable (chemically labile, disuphide and 
pH-dependent) linkers are destroyed in early endosomes, 
while protease cleavable or enzyme (peptide based) cleav-
able linkers are degraded in late endosomes or lysosomes: 
thus, the payload is finally released and able to exert its 
cytotoxic activity in the intracellular space [5]. To achieve 
a bystander effect, the intracellular released payload must 
embody specific biochemical proprieties, in order to exhibit 
membrane permeability, diffuse through cell wall, and reach 
neighboring cells: it should be lipophilic, hydrophobic, 
and uncharged [1••, 5–7]. Nevertheless, ADCs exhibiting 
substantial extracellular payload release could potentially 
achieve off-target effect before internalization [35].

It should be noted that ADCs with a non-cleavable linker, 
such as T-DM1, have a slightly different pathway. Indeed, 
upon its internalization, the mAb moiety is degraded and 
the final payload product retains a positively charged lysine; 
thus, it is trapped inside target cells, and it cannot enter sur-
rounding cells and it reaches its best activity in homogene-
ous Ag + expressing tumors.

Fact or fiction?

Preclinical and clinical evidence recapitulated in this manu-
script solidly contribute to recognize the bystander effect as 
an important player in the mechanism of action of ADCs, 

and possibly one of the reasons leading to their expanding 
indications. As previously mentioned, tumors known to har-
bor a relevant heterogeneity in HER2 expression (e.g. GC 
[27], CRC [28]) did not derive a significant benefit from 
treatment with T-DM1, while showing solid response rates 
with T-DXd. Even more strikingly, novel conjugates, such as 
T-DXd, have shown response rates in the range of 30–40% in 
breast tumors with low HER2 expression, a setting in which 
T-DM1 did not show to be active. At the same time, examples 
exist of novel ADCs with an increased activity compared to 
T-DM1, despite the absence of the bystander effect. This is 
the case, for instance, of ARX788, composed of a modified 
trastuzumab with a p-acetylphenylalanine residue linked to 
the microtubule inhibitor amberstatin through a site-specific 
conjugation, which leads to a highly stable compound and a 
tightly controlled DAR. Such stability is thought to reduce 
the shedding of payload in the circulation, thus improving the 
safety profile and the delivery of cytotoxic to cancer cells. At 
the same time, the very design of this conjugate prevents the 
induction of the bystander effect, restricting the delivery of 
payload to the targeted cells [38]. Nonetheless, the compound 
showed a preliminary but impressive response rate of 74% in 
patients with T-DM1-pretreated HER2-positive advanced BC 
[39], and preclinical evidence suggest it may be also harbor 
activity against HER2-low BC [38].

The activity of ARX788, despite the absence of a bystander 
effect, suggests caution in attributing to the bystander effect 
the sole reason for the current development of novel ADCs. 
Indeed, these are complex pharmaceuticals, whose activity is 
determined by a multiplicity of factors beyond the linking tech-
nology or the membrane permeability of the payload [1••]. A 
rapidly enlarging landscape of clinical trial testing novel ADCs 
is expected to clarify the importance of the bystander effect, 
informing the design of the next generation of ADCs.

Conclusion

ADCs represent a highly active class of drugs for the treat-
ment of cancer. Abundant preclinical evidence on the impor-
tance of the bystander effect has emerged, and the clinical 
activity of novel conjugates in tumors with a heterogeneous 
expression of the targeted Ag suggests the relevance of this 
feature. However, more stable ADCs, not able to elicit the 
bystander effect, are also being pursued for the treatment of 
cancer, recently demonstrating promising clinical efficacy 
and preclinical activity even in HER2-low tumors. Limited 
data are available on the possible and plausible role of the 
bystander effect in off-target toxicities. Additional studies 
are required to understand if the bystander effect is a neces-
sary feature for achieving widely active ADCs or if it is only 
one of the several factors to be considered in the design of 
personalized ADCs.
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