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Antibody–drug conjugates (ADCs) have emerged as valuable targeted
anticancer therapeutics with at least 11 approved therapies and
over 80 advancing through clinical trials. Enediyne DNA-damaging
payloads represented by the flagship of this family of antitumor
agents, N-acetyl calicheamicin γI1, have a proven success track re-
cord. However, they pose a significant synthetic challenge in the
development and optimization of linker drugs. We have recently
reported a streamlined total synthesis of uncialamycin, another
representative of the enediyne class of compounds, with compel-
ling synthetic accessibility. Here we report the synthesis and eval-
uation of uncialamycin ADCs featuring a variety of cleavable and
noncleavable linkers. We have discovered that uncialamycin ADCs
display a strong bystander killing effect and are highly selective
and cytotoxic in vitro and in vivo.

antibody–drug conjugates | bystander killing effect | enediyne payloads

Although the essential concept of antibody–drug conjugates
(ADCs) was proposed by Paul Ehrlich more than a century

ago (1), it was only at the dawn of the 21st century that this concept
was translated into a targeted cancer therapy when Mylotarg (2, 3)
was approved for clinical use for the treatment of acute myeloid
leukemia. Since then a number of other ADCs have been ap-
proved as clinical therapies (4), including Adcetris (5), Kadcyla
(6), Besponsa (7), Polivy (8), Padcev (9), Enhertu (10), Trodelvy
(11), Blenrep (12), Lumoxiti (13), and Zynlonta (14). These suc-
cesses emerged as a result of multidisciplinary efforts to ensure
fine-tuning and optimizing the various components of the ADCs,
including the payload, the linker, the linker-drug, the antibody, and
the final ADC. The approval of Mylotarg (carrying the N-acetylated
version of calicheamicin γI1 [1], N-acetyl calicheamicin γI1 [2], as the
payload) by the Food and Drug Administration in 2000 validated
our earlier disclosure of an ADC (15) carrying a totally synthetic
thioacetate analog (calicheamicin θI1 [3]) (16) of calicheamicin γI1 (1)
that exhibited suppression of growth and dissemination of liver
metastases in a syngeneic model of murine neuroblastoma. Inspired
by these calicheamicin γI1 payloads, and their ADCs, we undertook
the total synthesis (17, 18) of uncialamycin (19) (4; Fig. 1), a natural
product whose structure resembles that of calicheamicin γI1 with
regard to the 10-membered ring enediyne structural motif. Our
asymmetric and successful total synthesis of uncialamycin (18) fa-
cilitated not only its absolute configuration assignment but also the
design, synthesis, and biological evaluation of numerous unciala-
mycin analogs. From these diverse structures, methylamine analog 5
(Fig. 1) was chosen as a payload for further advancement and in-
vestigation by virtue of its high potency and convenient handle for
linker attachment. The envisioned sequence was to include linker-
drug design and synthesis, attachment onto appropriate antibodies
to afford ADCs, and in vitro and in vivo biological evaluation as
targeted anticancer agents.

Results and Discussion
Design and Synthesis of Linker-Drugs LD1 to LD6. Applying our de-
veloped synthetic strategies and technologies for the synthesis of
uncialamycin, and following the reported protocol (20), the syn-
thesis of the designated payload (5) was scaled up and proceeded
smoothly on a 100-g scale. In order to test different cleavage
mechanisms and linker hydrophilicities in combination with the
payload, the following six linkers were selected for evaluation
studies (for the molecular stuctures of the respective linker-drugs
LD1 to LD6, see Fig. 2): Val-Cit-PAB, a cathepsin-cleavable self-
immolative linker leading to linker-drug LD1; a very short non-
cleavable linker meant to keep the payload at a minimal distance
from the antibody surface for enhanced steric protection leading
to linker-drug LD2 (21); a medium-length polyethylene glycol
(PEG)-containing noncleavable linker furnishing linker-drug LD3;
a glucuronidase cleavable linker (22) affording linker-drug LD4;
Val-Ala-PAB(C–C glucuronic acid) (23), a cathepsin-cleavable
self-immolative linker with enhanced solubility leading to linker-
drug LD5; and a cathepsin-cleavable self-immolative linker with
enhanced solubility and stability (22, 23) furnishing linker-drug
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LD6. The synthesis of the linker-drugs was performed using
previously reported advanced linker intermediates (22–25).
Linker-drugs LD1 and LD2 were synthesized as summarized in

Scheme 1 A and B, respectively. Thus, methylamino uncialamycin
analog 5 was coupled with Fmoc-protected Val-Cit-PAB-4-nitro-
phenylcarbonate (6) in the presence of HOBt and Hünig’s base
(i-Pr2EtN) to afford carbamate 7 in 75% yield. Fmoc cleavage
from the latter (Et2NH, 92% yield) led to intermediate free amine

8, whose coupling with N-(α-maleimidoacetoxy)succinimide (9) as
facilitated with i-Pr2EtN and HOBt furnished linker-drug LD1 in
31% yield. Linker-drug LD2 was similarly prepared from meth-
ylamino uncialamycin analog 5 through coupling with activated
ester 9 as induced by i-Pr2EtN and HOBt (6% yield, unoptimized),
as shown in Scheme 1B.
Linker-drug LD3 was constructed from methylamino unciala-

mycin analog 5 and maleimido-PEG8-carboxylic acid (10) in a
single step as brought about by i-Pr2EtN and HATU (33% yield),
as shown in Scheme 2A. Scheme 2B summarizes the synthesis of
the more sophisticated linker-drug LD4. Thus, coupling of the
previously reported D-glucuronic acid moiety containing linker
11 (22) with uncialamycin analog 5 as facilitated by i-Pr2EtN and
HOBt led first to carbamate 12 and subsequently, after exposure
of the latter to Et2NH, to amine 13. Treatment of amine 13 with
LiOH led to hydrolysis of all three acetate groups and the
glucuronic methyl ester moiety within 13, furnishing polyhy-
droxy aminocarboxylic acid 14 in 18% overall yield for the two
steps from carbamate 12. Finally, coupling of amino acid 14
with activated ester 9 afforded linker-drug LD4 in 18% yield, as
depicted in Scheme 2B.
As shown in Scheme 3, the synthesis of linker-drugs LD5 and

LD6 started with the coupling of uncialamycin analog 5 and
C-glycoside containing activated linker 15, as induced by i-Pr2EtN
and HOBt, furnishing carbamate 16 in 36% yield. Removal of the
Fmoc group from 16 (Et2NH) followed by global ester hydrolysis
(LiOH) led to polyhydroxy amino acid 18 in 62% overall yield for
the two steps. Coveted linker-drug LD5 was prepared from amino
acid 18 by reaction with activated ester 9 in the presence of
i-Pr2EtN and HATU (59% yield). Finally, linker-drug LD6 was
obtained from carboxylic acid linker-drug LD5 through amide
formation with 3,6,9,12,15,18,21,24-octaoxapentacosan-1-amine
(19, mPEG8 amine) as induced by i-Pr2EtN and HATU in 59%
yield, as depicted in Scheme 3.

Fig. 1. Molecular structures of natural product calicheamicin γI1 (1), N-acetyl
calicheamicin γI1 (2), totally synthetic calicheamicin θI1 (3), natural product
uncialamycin (4), and potent uncialamycin analog.

Fig. 2. Molecular structures of designed uncialamycin-based linker-drugs LD1 to LD6.
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Antibody Conjugation of Linker-Drugs LD1 to LD6 and In Vitro Evaluation
of the Resulting ADCs. The six synthesized uncialamycin linker-drugs
(LD1 to LD6) were conjugated to appropriate antibodies against
two targets, T1 and CD46, to afford two sets of targeting ADCs
(anti-T1Ab [T1Ab] and anti-CD46Ab [T2Ab]) and a nontargeting
control antibody (nTAb). Model targeted antibodies were chosen
to address targets either generally present in multiple types of
tumors (T2 and CD46) or small-cell lung cancer tumor–specific

(T1), bearing in mind our desire to evaluate the translatability of
the in vitro antitumor activity to in vivo activity in patient-derived
xenograft models. The nontargeting antibody recognizes artificial

Scheme 1. Synthesis of linker-drugs LD1 and LD2. Reagents and conditions:
(A) (a) HOBt (0.5 eq), i-Pr2EtN (2.0 eq), 6 (1.6 eq), DMF, 23 °C, 0.5 h, 75%; (b)
Et2NH (30 eq), MeCN, 23 °C, 1.0 h, 92%; (c) i-Pr2EtN (1.4 eq), HOBt (0.5 eq),
9 (1.3 eq), DMF, 23 °C, 0.5 h; then 9 (1.3 eq), 15 min, 31%. (B) (d) i-Pr2EtN
(3.0 eq), HOBt (0.5 eq), 9 (1.3 eq), DMF, 23 °C, 0.5 h, 6%. Fmoc =
fluorenylmethyloxycarbonyl; DMF = N,N-dimethylformamide; HOBt =
1H-1,2,3-benzotriazol-1-ol.

Scheme 2. Synthesis of linker-drugs LD3 and LD4. Reagents and conditions:
(A) (a) 10 (1.5 eq), i-Pr2EtN (3.0 eq), HATU (1.7 eq), DMF, 0 °C, 10 min; then 5
(1.0 eq), DMF, 0 °C, 15 min, 33%. (B) (b) HOBt (0.5 eq), i-Pr2EtN (2.0 eq), 11
(1.3 eq), DMF, 23 °C, 1.5 h, 96%; (c) Et2NH (1.25 eq), MeCN, 23 °C, 80 min; then
Et2NH (1.25 eq), 23 °C, 50 min; (d) LiOH (15 eq), MeCN:MeOH (1:1, vol/vol), −15
°C, 0.5 h, 18% over two steps; (e) i-Pr2EtN (2.0 eq), 9 (1.3 eq), DMF, 23 °C, 20
min, 18%. HATU = 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]
pyridinium 3-oxide hexafluorophosphate; Ac = acetyl.
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antigen not typically found in any human or animal tissue. Some
activity observed for the nontargeting antibody illustrates the
process of nonspecific antibody uptake by cells and allows for a
better understanding of target-specific effects of targeted ADCs.
All antibodies used in this study were engineered to have cysteine
residues suitable for selective reduction and site-specific conju-
gation to the linker-drug. Upon completion of the conjugation,
excess linker-drug was quenched with N-acetyl-L-cysteine (NAC)
and the ADCs were subjected to mild hydrolysis conditions
causing the maleimide ring to open after attachment to a cysteine
residue of the antibody, thus resulting in stable linkage prohibiting
possible maleimide exchange. The ADCs exhibited a uniform

drug-to-antibody ratio (DAR) of 2 and had a low aggregation
profile (see SI Appendix for details). Incidentally, due to the deep
purple color of the uncialamycin payload used, all the ADC so-
lutions were purple, indicating successful attachment of the linker-
drugs onto the antibodies. All ADCs were subjected to extensive
buffer exchange to eliminate any unconjugated linker-drug, which
was confirmed by size-exclusion chromatography.
The uncialamycin payload, N-acetyl-L-cysteine-quenched linker-

drugs LD1 to LD6, and the corresponding set of ADCs were eval-
uated for in vitro plasma stability employing mouse and cynomolgus
monkey plasma matrices. The linker-drugs and ADCs selected for
evaluation included both cleavable as well as noncleavable linkers.
Uncialamycin analog 5 was found to be stable in mouse plasma

over the course of 24 h at 37 °C. Monitoring for metabolites
formation allowed the detection of only minimal amounts of
molecular weight (MW)+4 Da species corresponding to a Bergman
cycloaromatization (26) product and MW+20 Da species attributed
to the corresponding rearranged product with added water (see
SI Appendix for details). Only qualitative evaluation was performed
at this time.
NAC-quenched linker-drugs were followed in mouse plasma

(at 37 °C over 24 h) with minimal formation of metabolites ob-
served for all evaluated linker-drugs. Qualitative assessment of
observed metabolites revealed that a minimal amount of free
payload was present in the samples in the case of linker-drugs
containing cleavable linkers. This observation is in line with pre-
vious reports on cleavable linker release possible in mouse plasma
(27). No free payload was detected in the case of linker-drug LD2
containing a noncleavable linker. The only metabolites observed
for LD2 included minimal detectable amount of Bergman rear-
rangement (26) product with intact linker (MW+4 Da) and
MW+22 Da species (i.e., Bergman cycloaromatization product +
H2O). Linker-drugs LD4 and LD5 also exhibited minimal de-
tectable metabolites of Bergman rearrangement (26) product
(MW+4 Da) and MW+22 Da (SI Appendix). Only qualitative
assessment was done at this time to identify possible metabolites.
ADC stability evaluation in mouse plasma at 37 °C over 7 d

revealed that the ADCs constructed from linker-drugs LD4 and
LD5 featuring cleavable linkers within their molecular structures
suffered over 30% decomposition after 7 d, causing significant
concern for their further evaluation. The ADCs produced from
LD1 and LD6, also containing cleavable linker structural motifs,
had acceptable levels of stability, and the ADC prepared with
noncleavable linker-drug LD2 showed only minimal levels of
decomposition. Similar investigations with cynomolgus primate
plasma with the same set of ADCs paralleled the observations
obtained in the mouse plasma assays (SI Appendix).
In vitro cytotoxicity evaluation was performed using a HEK293T

cell line engineered to express high levels of T1 and naturally
expressing high levels of CD46. Although both targets were highly
expressed in our model cell lines, we have observed differences in
cytotoxic activity in vitro. That difference can be attributed to the
differences in antibody internalization kinetics and intracellular
processing depending on the target. We were pleased to see high
levels of selectivity between targeting and nontargeting ADCs
(Table 1). T1-targeting and CD46-targeting ADCs demonstrated
subpicomolar to low-picomolar potencies, respectively. The ob-
served differences in potencies were hypothesized to be attributed
to different internalization and the ADC intracellular processing
kinetics of the targeting antibodies. The uncialamycin ADCs were
compared with the previously reported cleavable N-acetyl cal-
icheamicin linker-drug (LD7; Fig. 3) (28) conjugated to the same
T1 target and nontargeting control antibodies (i.e., T1Ab and
nTAb, respectively) at DAR = 2. The uncialamycin ADCs
displayed significant improvement in potency as compared to
the N-acetyl calicheamicin control ADC (see green highlights
in Tables 1 and 2).

Scheme 3. Synthesis of linker-drugs LD5 and LD6. Reagents and conditions:
(a) HOBt (0.5 eq), i-Pr2EtN (2.0 eq), 15 (1.3 eq), DMF, 23 °C, 1.5 h, 36%; (b)
Et2NH (20 eq), MeCN, 23 °C, 1 h; (c) LiOH (6.7 eq), MeCN:MeOH (1:1, vol/vol),
0 °C, 45 min, 62% over two steps; (d) i-Pr2EtN (3.0 eq), 9 (1.3 eq), DMF, 23 °C,
1 h, 56%; (e) i-Pr2EtN (2.0 eq), HATU (1.9 eq), 19 (1.2 eq), DMF, 0 °C,
45 min, 59%.
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Based on the impressive in vitro cytotoxicity and selectivity
profiles coupled with the promising in vitro plasma stability, the
ADCs featuring the following linker-drugs were selected for
detailed in vivo evaluation in solid-tumor PDX models: linker-
drugs LD1 and LD6, featuring cleavable linker motifs, and linker-
drugs LD2 and LD3, containing noncleavable linkers. It should
be noted that enediyne ADCs historically had meager success in
addressing the solid-tumor problem, while being clinically effi-
cacious in blood tumor treatment (29–34). Thus, our study was
intended to set a very high bar in evaluating the potential of
uncialamycin-based enediyne ADCs for the treatment of solid
tumors.
Representative CD46-targeting ADCs with cleavable (LD1) and

noncleavable (LD2) linker-drugs were compared to the previously
disclosed cleavable N-acetyl calicheamicin linker-drug (LD7) (28)
ADCs and Mylotarg as control. Thus, their cell-killing ability was
evaluated in model acute myeloid leukemia cell lines OCI-AML3
and multidrug-resistant KG1. The uncialamycin ADC with cleavable
linker (T2LD1) outperformed the N-acetyl calicheamicin γI1 ADC
(Mylotarg) in the OCI-AML3 cell line and, notably, was active in
multidrug-resistant KG1 cell line (Table 2). Interestingly, uncia-
lamycin ADCs resulted in >95% reduction of viable KG1 cells,
while N-acetyl calicheamicin γI1 ADC (Mylotarg) caused less than
50% reduction (SI Appendix).

Bystander Killing Effect Discovery. The bystander cytotoxicity effect
is typically attributed to ADCs that release cell-permeable pay-
loads and has been demonstrated for monomethyl auristatin E
(MMAE) and pyrrolobenzodiazepine (PBD) ADCs in several
studies (35–37). The bystander effect may have a positive impact
in decreasing tumor stroma and tumor cells with no target ex-
pression that if left intact may lead to tumor regrowth. N-acetyl
calicheamicin γI1 ADCs are known to not exhibit any bystander
killing associated with them due to the short-lived nature of the
activated biradical after release of the disulfide trigger. Thus,
we were interested to evaluate and compare side-by-side our

uncialamycin ADCs with N-acetyl calicheamicin γI1 ADCs, taking
into consideration that the former payload presented a different
activation pathway than that of the latter, albeit with the same
mechanism of DNA damage stemming from biradical formation
through Bergmann cycloaromatization (26). Thus, two model
ADCs with cleavable linker-drugs featuring uncialamycin (5) and
N-acetyl calicheamicin γI1 payloads were selected for the inves-
tigation: LD1 (Scheme 1) and previously reported LD8 (Fig. 3)
(28). In the initial experiment a 1:1 mixture of T1 target-expressing
and nontarget-expressing HEK293T cells were treated with titra-
tion of ADC concentrations (Fig. 4). Both T1-targeting and IgG1-
nontargeting control ADCs were used. The cells were harvested
and counted by flow cytometry after 48-h incubation to assess the
numbers of live target-expressing and nontarget-expressing cells.
As expected, nontargeting immunoglobulin G1 (IgG1) control
ADCs with an uncialamycin analog or calicheamicin analog
payload, respectively, did not result in marked cytotoxicity either
for the target-expressing or for the nonexpressing cell line. The
N-acetyl calicheamicin-carrying T1LD8 ADC efficiently killed
target-expressing cells while leaving the nontarget-expressing ones
unaffected, supporting previously reported observations that
N-acetyl calicheamicin γI1 ADCs do not exhibit a bystander killing
effect (35, 38). To our surprise, T1LD1 ADC has efficiently killed

Table 1. In vitro cytotoxicity evaluation of ADCs constructed
from linker-drugs LD1 to LD6 in HEK293T cells

The HEK293T cell line was engineered to express high levels of target T1
and naturally expressing high levels of CD46. IC50, concentration that inhibits
response by 50%. Significant potency improvement compared to the
N-acetyl calicheamicin control ADC highlighted in green.

Fig. 3. Molecular structures of previously disclosed N-acetyl calicheamicin
γI1-carrying linker-drugs LD7 and LD8 (28).
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both target-expressing and nontarget-expressing cells, indicating a
strong bystander killing effect (SI Appendix). To further investigate
this observation, the experiment was extended by modifying the
ratio between target-expressing to nonexpressing cells. The ratio
was changed from 1:1 to 1:2, 1:5, and 1:10, respectively, while the
concentration of the ADC was kept constant at 50 pM. Similar
to the initial experiment, the nontargeting IgG1 control ADCs
did not have a significant impact on the cell viability of target-
expressing or nonexpressing cells. While N-acetyl calicheamicin
γI1 analog-based ADC T1LD8 once again eliminated target-
expressing cells, leaving nontarget-expressing cells unaffected,
its uncialamycin counterpart T1LD1 eliminated target-expressing
and the majority of nontarget-expressing cells at ratios up to 1:5
(target-expressing:nontarget-expressing cells), providing further
support for a pronounced bystander killing effect exhibited by
the uncialamycin ADC (Fig. 4).

In Vivo Evaluation of Uncialamycin ADCs. Uncialamycin ADCs fea-
turing cleavable (LD1 and LD6) and noncleavable (LD2 and LD3)
linker-drugs were evaluated in vivo in two patient-derived small-
cell lung cancer xenograft models that had high levels of expres-
sion of both targets T1 and T2 (CD46). ADCs with noncleavable
linker-drugs LD2 and LD3 were found to be inactive at all eval-
uated dose levels. This result was in striking contrast to the
established in vitro cytotoxic activity of the target-specific ADCs
and prompted us to further investigate the in vivo pharmacoki-
netic profile of the uncialamycin ADCs. In these studies, ADCs
with cleavable linker-drugs LD1 and LD6 demonstrated significant
antitumor activity in a target-specific and dose-dependent manner. In

LU95 (Figs. 5 and 6) and LU149 (SI Appendix) small-cell lung
cancer PDX models T1LD1 and T2LD1 at 1.5 mg/kg dose had
similar antitumor effects, demonstrating complete tumor regres-
sion sustained for >40 d. T1LD1 had even greater sustained tumor
regression (>80 d) at 3 mg/kg dose level in the LU149 PDX
model. At 1 mg/kg dose level, T1LD6 had similar (LU149) or
slightly greater (LU95) efficacy compared with T1LD1. Notably,
all nontargeting IgG1 ADCs exerted no antitumor activity.
In order to better understand the observed antitumor activity

of the uncialamycin ADCs with cleavable vs. noncleavable linker-
drugs, a pharmacokinetics study in NOD/SCIDmice was performed.
Each group of female NOD/SCID mice was given a single intra-
venous bolus dose of 5 mg/kg of either nTLD1, T1LD1, T1LD2 or
T1LD6. Blood samples were collected and bioanalysis of total
antibody and conjugated drug concentrations was performed (see
SI Appendix for full experimental details). All ADCs with cleav-
able linker-drugs were found to have ADC half-lives ranging from
0.7 to 2 d, with the T1LD6ADC having the shortest half-life, while
the ADC with noncleavable linker-drug LD2 had a half-life of
11.8 d (SI Appendix). Rapid increase in total antibody to ADC
ratio was characteristic of all ADCs in this study and closely resem-
bled pharmacokinetic profiles reported for N-acetyl calicheamicin γI1
ADCs in mice (39, 40).

Conclusion
A diverse set of uncialamycin ADCs featuring a variety of linker
cleavage mechanisms have been constructed and evaluated. It
was discovered that an uncialamycin ADC (T1LD1) containing a

Table 2. In vitro cytotoxicity evaluation of ADCs constructed
from linker-drugs LD1 and LD2 in human acute myeloid leukemia
cell lines OCI-AML3 and KG1 in comparison to N-acetyl
calicheamicin γI1 ADCs

n/c, not converged. IC50, concentration that inhibits response by 50%.
Significant potency improvement compared to the N-acetyl calicheamicin
control ADC highlighted in green.
*Gemtuzumab ozogamicin, an approved ADC consisting of an anti-CD33
monoclonal antibody and N-acetyl calicheamicin γI1 as payload.

Fig. 4. Bystander killing assay of two uncialamycin ADCs (T1LD1 and nTLD1)
in comparison to their N-acetyl calicheamicin γI1 counterparts (T1LD8 and nTLD8).

Fig. 5. Tumor volume trajectories in a LU95 small-cell lung cancer PDX
model after treatment with nontargeting and targeting ADC constructs
carrying linker-drugs LD1, LD2, and LD3, respectively, at 1.5 mg/kg doses.

Fig. 6. Tumor volume trajectories in a LU95 small-cell lung cancer PDX
model after treatment with nontargeting and targeting ADC constructs
carrying linker-drugs LD1 and LD6, respectively, at 1.0 mg/kg doses.
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cleavable linker-drug exhibits significant bystander killing effect
at the target-expressing:nontarget-expressing cell ratio of 1:5 at
50 pM ADC concentration. This observation is in contrast to the
absence of such a bystander killing effect in N-acetyl calicheamicin
γI1–containing ADCs and presents an intriguing opportunity in the
tumor-targeting therapeutics development area. Both payloads,
N-acetyl calicheamicin γI1 and uncialamycin, belong to the DNA
damaging class of enediynes, yet the subtle differences in their
antitumor effects may be exploited to fine-tune their therapeutic
value toward specific cancer indications. In particular, uncialamycin
ADCs demonstrated marked antitumor activity in solid-tumor PDX
models. Significantly, uncialamycin-containing ADCs with cleavable

linker-drugs were found to produce durable target-specific tumor
regression effects in small-cell lung cancer PDX mouse models.
These preliminary results warrant future investigations of uncialamycin
analogs as payloads for the development of powerful targeted
anticancer therapeutics.

Data Availability. All study data are included in the article and/or
SI Appendix.
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