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The endosome cleavable linkers have been widely employed by
antibody-drug conjugates and small molecule-drug conjugates
(SMDCs) to control the accurate release of payloads. An effec-
tive linker should provide stability in systemic circulation but
efficient payload release at its targeted tumor sites. This con-
flicting requirement always leads to linker design with
increasing structural complexity. Balance of the effectiveness
and structural complexity presents a linker design challenge.
Here, we explored the possibility of mono-amino acid as so
far the simplest cleavable linker (X-linker) for SMDC-based
auristatin delivery. Within a diverse set of X-linkers, the
SMDCs differed widely in bioactivity, with one (Asn-linker)
having significantly improved potency (IC50 = 0.1 nM) and
fast response to endosomal cathepsin B cleavage. Notably,
this SMDC, once grafted with effector protein fragment crystal-
lizable (Fc), demonstrated a profound in vivo therapeutic effect
in aspects of targetability, circulation half-life (t1/2 = 73 h), sta-
bility, and anti-tumor efficacy. On the basis of these results, we
believe that this mono-amino acid linker, together with the new
SMDC-Fc scaffold, has significant potential in targeted delivery
application.

INTRODUCTION
As famous targeted chemotherapeutic agents, antibody-drug conju-
gates (ADCs), have come into their own over the past decade. To
date, the US Food and Drug Administration has approved 13
ADCs for clinical use in cancer therapy.1 More than 100 ADCs
are currently being evaluated in clinical trials.2,3 The success of
ADCs bolsters the concept of targeted chemotherapy and also pro-
vides a basis for developing other such agents for cancer treatment.
In particular, small molecule-drug conjugates (SMDCs) are gaining
growing attention.4–7 Instead of utilizing monoclonal antibody
(mAb) in ADCs, SMDCs carry toxic payloads to tumor cells by a
small-molecule ligand. Its compact molecular size endows the
SMDCs with numerous advantages such as deep penetration, low
manufacturing cost, and good immune tolerance.4,8,9 Moreover, its
therapeutic effect can be further boosted by grafting with fragment
crystallizable (Fc) or other effector proteins.10–12 A number of
SMDCs have been tested or are currently in clinical trials: vintafo-
lide (EC145, a folate-vinblastine SMDC) completed a phase 3 trial
but failed due to a lack of efficacy,13,14 and Epofolate (BMS-
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753493), PEN-886, and 4 other SMDCs of Endocyte’s pipeline are
in various stages of trials.15–18

Both ADCs and SMDCs are composed of an antigen-specific ligand
(mAb or small molecule), a cytotoxic payload, and a chemical linker.
All three components can markedly influence the therapeutic index,
but the linker and its conjugation modality play critical roles in
defining the degree of in vivo stability, the mechanism of action,
and the profile of pharmacokinetics (PKs).19–21 Furthermore, the
overall in vivo performance of ADCs and SMDCs was largely domi-
nated by these three key parameters.22 The importance of linker
design is reflected in the linkers’ chemical commonality among 13
approved ADCs: 11 use the cleavable linker, and 7 of them use the
dipeptide linker valine-citrulline-p-amino benzyloxycarbonyl (VCit-
PABC) for payload delivery.23 For cleavable linkers, the endocytic
pathway of tumor cells can trigger the payload release in its free
form, thus ensuring that the payload acts in its highest potency and
also in favor of the so-called bystander killing effect.24,25 While the
non-cleavable linker acts in such a way that the payload is released
together with the linker and the first amino acid residue of the conju-
gated antibody (in most cases, cysteine), resulting in the overall
release of a bulky species payload-linker-Cys, which makes it less
effective and less popular for application. Nevertheless, the prote-
ase-sensitive cleavable linkers, taking VCit-PABC as an example,
contain relatively complex combinations, featuring a VCit dipeptide
moiety and a self-immolative PABC spacer for conditional cleavage
in endosomes.26–28 This linker is not only enzyme-labile but also
prone to cleave in acidic conditions, which is often troublesome dur-
ing linker synthesis.29 Moreover, it has been reported that the VCit-
PABC linker can be partially hydrolyzed by certain plasma proteases,
such as carboxylesterase 1C in rodent blood, leading to premature
release of the toxic payload in circulation.30–32 Significant effort has
been directed toward balancing the stability of a cleavable linker in
circulation and its lability for activation at the tumor site.33,34
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Figure 1. Molecular structures of SMDCs and their corresponding delivery schematic

(A) Structures of the clickable SMDC and its variants with mono-amino acid X-linkers. The SMDC was composed by a folate receptor (FR)-targeting ligand folic acid and the

auristatin toxin MMAF. Between two components was inserted by a mono-amino acid (X-linker), such as Ala (2a), Ahx (2b), Asp (2c), Lys (2d), or Asn (2a), for controllable

release. All SMDCs were installed with an alkyne handle for click reaction. (B) Schematic digraph of the Fc grafting and delivery strategy. Bacteria-expressed Fc protein was

site-specifically modified with the azide group by bead-immobilized sortase A and then conjugated with SMDC to generate the long-circulating SMDC-Fc scaffold. After FR-

mediated internalization, the scaffold was processed by endosomal protease to release the payloadMMAF if the X-linker is cleavable (route 1) andwas otherwise degraded by

lysosomal proteolysis to free the SMDC for cytotoxicity (route 2).
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The non-cleavable linkers, on the other hand, are well characterized
by their simple structure and high stability in circulation. As a rule,
the simpler the better. Refining the aforementioned cleavable linker
into a short pattern might be an option worthy of attention. Consid-
ering the broad substrate spectra of the acid-dependent proteases in
endosome,35,36 we envisioned that the simple mono-amino acid (mo-
nopeptide) linkers might act as substrates as sensitive as dipeptide
(VCit) or tetrapeptide (DS8201) linkers while keeping stable in circu-
lation. In this article, we showed the development of an auristatin
conjugate that incorporates a mono-amino acid linker (X-linker)
for efficient endosomal cleavage and high therapeutic potency. After
comparing a series of SMDCs bearing different X-linkers, an aspara-
gine (Asn-linker)-containing SMDC was identified and chosen for
further protein conjugation because of its high potency in vitro and
its effectiveness in release. We demonstrated that the Fc protein-
grafted auristatin conjugate (SMDC-Fc) using the Asn-linker ex-
hibited extremely long blood circulation and profound anti-tumor ef-
ficacy in xenograft mice bearing small or large advanced KB tumors.
Furthermore, we revealed that SMDC-Fc was mainly metabolized in
the liver, which was distinct from the kidney tropism of the compar-
ator SMDC. Our finding provides an applicable approach for
designing cleavable linkers and developing new molecular classes
for targeted chemotherapy.
RESULTS
Mono-amino acid linker design and SMDC synthesis

Auristatin analog MMAF (monomethyl auristatin F) was selected as
the chemical toxin in this study (Figure 1A). This anti-mitotic toxin is
the second most popular auristatin for antibody conjugation, just af-
ter its analogMMAE. Despite the commonality in potency and chem-
ical structure, MMAF is well suited for derivatization with non-cleav-
able linkers since its anti-tumor potency can tolerate chemical
modifications. Conversely, MMAE is only active in its native form.
Another noteworthy aspect is that MMAF contains a C-terminal car-
boxylic acid group, which can be used as a point for conjugation. In
this regard, we incorporated a mono-amino acid X-linker at the C ter-
minus of MMAF and evaluated its impact on the therapeutic efficacy
of SMDCs.

We first produced a non-cleavable auristatin conjugate (SMDC 1) by
directly coupling the MMAF C terminus with folate receptor (FR)-
targeting ligand folic acid without any X-linker. We expected that
MMAF would keep most of its potency by virtue of its tolerance to
derivatization. We then set out to assess a panel of mono-amino
acid X-linkers appended to the C-terminal phenylalanine residue of
MMAF. This subset of SMDCs consisted of the folate-X-MMAF
unit, where X is alanine (2a), aminohexanic acid (2b), aspartic acid
Molecular Therapy Vol. 32 No 4 April 2024 1049
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Figure 2. Modular strategy for Fc grafting with SMDC

(A) The synthesis of azido Fc protein by bead immobilized sortase A. The 6�His-tagged Fc protein was converted to an azide-bearing Fc (azido Fc) by two-step

sortase A-mediated transpeptidation. The donor peptides (highlighted in yellow) were either purchased or prepared following the supplemental materials and

(legend continued on next page)
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(2c), lysine (2d), or asparagine (2e), respectively (Figure 1A). We ex-
pected that comparing the X-linker of interest with SMDC 1 would
demonstrate the degree of improvement to the non-cleavable design.
As our goal was to introduce a potential position that could be enzy-
matically cleaved inside endosomes of target cells, other potential hy-
drolysis sites in the structure of SMDCs should be blocked in order to
increase the stringency of free drug release through X-linker proteol-
ysis. The supporting-binding spacer (highlighted as red in Figure 1A)
of folic acids, in SMDC 1 and 2a–2e, was reoriented to conjugate at
the epsilon position of the lysine amine side to minimize the enzy-
matic hydrolysis, and the carboxylic side was amidated with propar-
gylamine, as a chemical handle for click reaction with Fc proteins.

It was planned that all SMDCs would be grafted by Fc proteins to
improve their biological performance in vivo. After receptor-medi-
ated internalization, the toxin would be released from Fc in two pro-
posed routes depending on the cleavability of the X-linker, as shown
in Figure 1B. For most cleavable X-linkers, toxin release (shown as
route 1) would be triggered early in the endocytic pathway. A short
delivery algorithm enables MMAF release quickly in tumors and,
more importantly, as its native form to elicit the highest potency
and bystander effect. As for non-cleavable linkers, the delivery re-
quires Fc proteolysis inside the lysosome to release the bioactive
SMDC for tumor cell killing (route 2). After Fc catabolism, the
released SMDC bears the hydrophilic folic acid and the first amino
acid residue of the conjugated Fc protein, which likely results in an
attenuated potency and limitedmembrane permeability. As this point
indicates, SMDCs with cleavable X-linkers would be more bioactive
than the non-cleavable ones, and the X-linker hydrolysis activity
likely can modulate the conjugates’ potency.

The synthesis of SMDCs proceeded through a three-step route
involving folic acid synthesis, X-linker derivatization, and MMAF
coupling. Previous synthesis of folate-drug conjugation involved a
simple treatment of folic acid with the drug or linker in the presence
of the condensing agent.37,38 This practice often produced an insepa-
rable mixture of a- and g-conjugates due to the presence of two car-
boxylic groups within the folate molecule. In order to selective conju-
gation of folic acid at the g position, we first coupled the activated
g-carboxylate of glutamic acid 5 with the free amine of spacer 8, fol-
lowed by furnishing with the pteroic acid moiety, to produce the
g-conjugated folate-spacer 11 (Figure S1). The 2-(trimethylsilyl)
ethyl (TMSE) and N10-trifluoroacetyl (Tfa) protecting groups are
essential to the solubility of 11 in organic solvent. In particular of
the Tfa group, after its concomitant deacylation in the Fmoc depro-
tection reaction (20% piperidine in DMF), product 12 turned to be
almost insoluble in DMF. Nevertheless, the products afterward
(13a–13e and 14a–14e) return to being soluble in common organic
solvents, which makes the following reactions and purifications less
methods. The deconvoluted mass spectra of product in each step are showed

translational modification with N-terminal methionine excision. (B) SMDC was

spectra of SMDC-Fc products are depicted on the bottom. All the mass values pre

sampling.
troublesome. Despite the absence of protection of the N10-amine
group in compound 12, surprisingly, we did not observe noticeable
side reactions during the coming X-linker derivatization and
MMAF coupling reactions, likely due to the weak nucleophilicity of
the phenyl nitrogen. Subsequently, the TMSE and Boc groups were
cleaved under routine conditions, liberating the two termini and af-
fording the SMDC in overall good yield. Due to the convergent nature
of the synthetic process, it was possible for us to produce six SMDCs
with variable mono-amino acid linkers simultaneously. As confirmed
by high-resolution Orbitrap mass spectrometry (MS), the obtained
SMDCs range from 1,300 to 1,500 Da in molecular weight (MW),
which exceeds the threshold for membrane permeability (1,000 Da)
but remains targetable to tumor cells by their folate ligands.

Fc grafting and in vitro testing

The Fc domain is the key component of immunoglobulin G (IgG),
which enables binding to the neonatal Fc receptor (FcRn) and recycles
IgG for long circulation persistence. Fc protein grafting has been
proven to be a broadly applicable strategy to improve the PKs of
drugs. As shown in Figure 1A, SMDC 1 and 2a–2e have been struc-
turally programmed with the alkyne chemical handle for copper-cata-
lyzed alkyne-azide 1,3-dipolar cycloaddition (CuAAC) to Fc protein.
To this end, we first need to engineer an azido Fc protein that bears an
azide group to react with that alkyne handle. The His-tagged Fc pro-
tein was successfully expressed as a disulfide-linked homodimer in T7
shuffle bacteria and purified by rapid Ni-NTA affinity chromatog-
raphy. To generate an Fc protein with the defined azide at the N
termini, we first chop off the 6�His tag together with the LPET motif
by sortase A to produce a diglycyl Fc (Figure 2A). This product con-
tains an N-terminal diglycine that can serve as a substrate of sortase A
and can be transpeptidated by the azido-containing pseudopeptide-
656 (synthesis shown in Figure S2), eventually yielding the desired
azido Fc protein. As shown in Figure 2A, the electrospray ionization
time-of-flight (ESI-TOF) mass analysis under reducing conditions
confirmed the expected MW for Fc variants within each step of the
construction process. The deconvolution result of azido Fc revealed
two different peaks, which were assigned to the Fc variants diglycyl
Fc (dwarf peak) and azido Fc (main peak), respectively. This observa-
tion described the imperfect turnover of the transpeptidation reac-
tion, but its impact on the next step of grafting is negligible because
integration of the mass peak areas leads to an overall purity > 90%.

To graft with Fc, SMDCs were incubated with the azido Fc protein in
the presence of the stabilized Cu+ species following a CuAAC proto-
col, as previously reported.39 In our optimized miniature reaction, the
SMDC-Fc conjugate can be synthesized at room temperature and
cleaned up by a simple desalting step with an almost quantitative yield
in a couple hours. This condition was confirmed by monitoring the
click ligation reaction with SDS-PAGE (Figure S3). Only one
on the bottom. The MW of Fc protein was calculated on a basis of post-

grafted with azido Fc by CuAAC click chemistry. The deconvoluted mass

sent the MWs of the monomer chains because of the reducing condition during
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Figure 3. In vitro potency of SMDC and SMDC-Fc to tumor cells

(A) Characterization and IC50 evaluation of auristatin conjugates on KB, HeLa, and A549 cells. Mass analysis of SMDC was performed on high-resolution Orbitrap mass

spectrometry in negative ion mode. As for Fc-grafted SMDC, the deconvoluted data were provided. In vitro cytotoxicity was determined on human cancer cell lines with

different FR expression levels, KB (+++), HeLa (++), and A549 (�). The IC50 values were expressed as mean ± SD, **p < 0.01. The dose-response curves are available in

FiguresS4 andS5. (B) Cytotoxicity profiles of SMDC-Fc. Thebest auristatin conjugate 2e-Fc (with cleavable Asn-linker) demonstratedmuch stronger cytotoxicity than the non-

cleavable 1-Fc on KB cells (left). Its potency was also correlated to the FR expression level of tumor cells, suggestive of its selectivity and targetability (middle). 2e-Fc elicited its

cytotoxicity effect much faster than 1-Fc due to the controllable release of payloads by the Asn-linker (right). The no-treatment group is referred to as control in this image.
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slower-migrated band was observed after Fc grafting, indicating the
predominance of the programmed product. This conclusion is in
agreement with the result from the deconvoluted mass spectra of
SMDC-Fc, in which all the conjugates’ peaks shifted toward higher
mass in comparison to azido Fc protein (Figure 2B). The concomitant
increase in mass can perfectly match the MWs of the corresponding
SMDCs, indicating the successful grafting of SMDC with Fc protein.

In vitro potency was tested firstly on FR-positive human oral epider-
moid carcinoma KB cells in vitro using the non-cleavable auristatin
conjugates 1 and 1-Fc as references. KB cells were incubatedwith serial
dilutions of conjugates for 72 h, and cell viability was determined using
1052 Molecular Therapy Vol. 32 No 4 April 2024
the standard Cell Counting Kit-8 (CCK-8) method (Figure 3A). Most
conjugates with X-linkers elicited much higher potency than their ref-
erences, indicating that the mono-amino acid linkers did follow the
endosomal release route 1. One linker that emerged was amino acid
Asn, which is a key residue of the proteolysis-resistant peptide linker
poly-Asn andwas assigned as a non-cleavable control in this study, but
surprisingly, its auristatin conjugates 2e and 2e-Fc were both the most
potent in their groups (IC50 = 0.1 nM, 18 times lower than the non-
cleavable counterpart). This trend was persistent when we tested
themonHeLa cells. They remain themost potent, but their IC50 values
were slightly higher than that on KB cells, in agreement with the lower
expression level of FR on HeLa cells. Apparently, another cell line,



Figure 4. The delivery of auristatin conjugates to tumor cells

The avidity analysis of 2e and 2e-Fc to the FR or FcRn of tumor cells by fluorescence-activated cell sorting (FACS). The binding of the conjugates with KB cells (FR+++), HeLa

cells (FR++), NCI-N87 (FR+), and A549 cells (FR�) was analyzed in the presence or absence of free folic acid (4 mM). Results are shown as histogram overlay of serial

concentrations of the conjugates within different cell populations. HepG2 cells expressing human FcRn were evaluated with serial dilutions of conjugates at pH 6.0 to confirm

the functionality of the Fc domain.
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A549, which does not express FR, was unaffected after drug treatment
(Figure 3B). In parallel, we tittered the 3-day growth curve of KB cells
treated by 1-Fc and 2e-Fc, respectively. The conjugate 1-Fc displayed
an inverted J curve, indicating that cells can be killed but that the
growth was unaffected at the beginning. The delay of the cytotoxicity
might be imputed to the necessity of a time window for Fc proteolysis
and concomitant drug release, as shown by route 2 in Figure 1B.With
few exceptions, 2e-Fc, which contains an Asn-linker for endosomal
cleavage, exhibited a much faster effect of cytotoxicity.

Targeted delivery and cathepsin B-controlled release of MMAF

The broad activity of 2e and 2e-Fc raised a concern about their spec-
ificity and selectivity toward tumor cells. To elucidate this, the drug
was labeled with the fluorescent dye sulfo-Cy5, and the conjugates
were incubated with four tumor cell lines, selected based on their
FR status: KB (+++), HeLa (++), NCI-N87 (+), and A549 (�) cells.
The flow cytometry results shown in Figure 4 revealed that the avidity
of both 2e-Fc and 2e to tumor cells was well in correlation with the FR
expression levels, and the binding profile was displayed in a dose-
dependent manner. We also noticed that 2e-Fc always showed a
higher binding capability than its counterpart, 2e. Moreover, this
advantage can be abolished by co-incubation with abundant folic
acid competitors. These results indicated that both bindings are high-
ly specific but that the affinity of 2e-Fc to FR is slightly higher than
that of 2e. The increment in affinity is likely ascribed to the bivalency
effect of 2e-Fc because the homodimer state of Fc can guarantee two
SMDCs grafted in parallel for receptor binding (Figure S3).

Apart from the positive role of the bivalent effect, the Fc protein also
takes part in IgG recycling and long circulation persistence by binding
with FcRns as well.40 The FcRn is expressed mainly on the endothelial
cells of small arterioles and capillaries in muscle and liver.41 After the
Molecular Therapy Vol. 32 No 4 April 2024 1053
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Figure 5. Cathepsin B-mediated cleavage of SMDC at X-linker position

(A and B) The activated cathepsin B was incubated at pH 5.5 with SMDC 1 and SMDC 2e, respectively. The HPLC spectra after proteolysis are listed on the left, and the

interpreted routes of drug release are shown on the right. (C) The high-resolution mass spectra of fragments 1, 2, and MMAF were found after incubation of cathepsin B with

SMDC 2e (Asn-linker). The MMAF release resulted from the loss of terminal Asn from the precursor (fragment 2) by exopeptidase.
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fluid-phase pinocytosis, Fc binds FcRn at the acidic pH of endosomes,
recycles with it to the plasma membrane, and finally can be released
back into the circulation, resulting in a rescue of IgG from degrada-
tion. To investigate whether the SMDC-grafted Fc can be recycled,
we incubated 2e-Fc with the FcRn-positive cell line HepG2 and
confirmed that it can dose-dependently bind with the FcRn at the
acidic pH. In contrast, SMDC 2e, which does not contain the Fc mod-
ule, fails to be recognized by HepG2 cells (Figure 4).

Our interest in 2e-Fc was then aroused by its potential as a superpo-
tent therapeutic agent. Besides the targetability aforementioned, the
1054 Molecular Therapy Vol. 32 No 4 April 2024
mono-amino acid X-linker is a key factor accounting for the high po-
tency of 2e-Fc in Figure 3. To investigate how the in vitro activity is
modulated by a chemical modification to the X position, we evaluated
SMDCs for cathepsin B-mediated cleavage. SMDC 1 and SMDC 2e
were incubated in the presence of bovine spleen cathepsin B at pH
5.5. With few exemptions, high-performance liquid chromatography
(HPLC) analysis confirmed that without an X-linker, SMDC 1 is quite
stable in the presence of cathepsin B (Figure 5A). In contrast, SMDC
2e was consumed quickly in 1 h, and three nascent peaks emerged in
the HPLC spectra (Figure 5B). The ESI-MS analysis revealed that the
m/z values of these peaks were well correlated with the MWs of the



Figure 6. Systemic biodistribution of auristatin conjugates in mice

(A) In vivo tracking of conjugates 2e and 2e-Fc in mice bearing KB xenograft tumors. Whole-body biodistribution wasmonitored at indicated time points after tail vein injection

of equivalent fluorescence units of conjugates (left). The dissected tumors and major organs were imaged after the experiments (72 h, top right) and quantified in three

independent experiments (bottom right). Arrows indicate the tumor sites. *p < 0.05, data are shown as mean ± SD. (B) Pharmacokinetics of conjugates 2e and 2e-Fc in mice

blood after intravenous administration. The conjugates were labeled with the NIR dye sulfo-Cy7, and the red represents the fluorescent signal of the conjugates. (C) Kidney

and liver distribution of 2e and 2e-Fc 24, 48, and 72 h after administration. The sulfo-Cy5-labeled conjugates are shown in red, and the nuclei stained with DAPI are shown in

blue. Scar bar, 1 mm. Full images are available in Figures S7 and S8.
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three fragments shown in Figure 5C. These results indicated that
cathepsin B can recognize and cleave the amide bond between the
Asn-linker and the supporting-binding spacer. The released fragment
2 (Asn-MMAF), as a form of prodrug, was further processed by exo-
peptidases to unfold the MMAF in its free form.

In vivo efficacy studies

With confirmation of SMDC-Fc efficacy in vitro, we set out to eval-
uate the potential of these auristatin conjugates to reach tumors
in vivo. The conjugates 2e and 2e-Fc were labeled with the near-
infrared (NIR) fluorescent dye sulfo-Cy7 and administered into the
KB-tumor-bearing mice by tail vein injection. As shown in Figure 6A,
the accumulation of both conjugates in tumors was observed 6 h after
administration. However the tumor fluorescence of 2e began to
decline and later became undetectable. By contrast, the tumors
homed by the 2e-Fc remained visible even after 72 h. The observation
was also confirmed by NIR imaging of the dissected organs and tu-
mors, in which 2e-Fc can deposit almost 3 times more drugs at tumor
sites than 2e (Figure 6A). The distribution disparity is likely ascribed
to the Fc grafting strategy and the corresponding improvement in
PKs. We then assessed the pharmacokinetic profile of 2e and 2e-Fc
using BALB/c mice. After administration of equivalent doses of
sulfo-Cy7-labeled conjugates, blood was collected periodically to
analyze the drug retention in blood by an Odyssey infrared scanner.
As shown in Figure 6B, persistent fluorescent signals were observed in
the 2e-Fc group throughout all time points of the experiments, while
2e was completely clean from blood in less than 1 h. Quantitative
analysis showed that the half-life of 2e-Fc in mice was 73 h, while
SMDC 2e has a half-life of only 0.5 h (Figure S6).

The prolonged blood retention also has an impact on the conjugates’
metabolic pathways. Histochemical analysis was undertaken to deter-
mine the drug deposition in two metabolic organs: liver and kidney.
Mice were injected with sulfo-Cy5-labeled conjugates. At indicated
time points, the organs were removed, and the frozen sections were
evaluated for the presence of the conjugates using the Leica Aperio
slide scanner. Figure 6C shows that 2e and 2e-Fc exhibited distinct
deposition patterns in the two organs. 2e was exclusively detected
in the kidney and barely seen in the liver, while more 2e-Fc was
seen in the liver, with a significantly reduced kidney deposition.
Both groups demonstrated a fluorescent signal decay with the exten-
sion of metabolic time, indicating the biodegradability of these
conjugates.

We next extended the in vivo study to a set of anti-tumor treatment
experiments for both conjugates with Asn-linkers. The KB xenograft
model was selected for in vivo therapeutic evaluation. To explore the
anti-tumor potential, two dosing regimens were scheduled for the
treatment of small pre-established tumors and large advanced tu-
mors, respectively (Figure 7A). The tumor growth curve in Figure 7B
showed that a single dose (intravenous [i.v.], 5 mg/kg) of 2e-Fc
demonstrated a robust cure to the small pre-established tumor
Molecular Therapy Vol. 32 No 4 April 2024 1055
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Figure 7. Anti-tumor efficacy of auristatin conjugates 2e and 2e-Fc in KB xenograft mice

(A) Dose regimens and timelines of the treatment. Q4D�3: three doses, every 4th day. (B) Graph showing tumor volume changes after treatment. Mice bearing small pre-

established KB tumors (100 mm3) received only a single intravenous injection of 2e, 2e-Fc, or control saline (left). The exact doses of 2e-Fc (5 mg/kg) are equivalent to the 2e

group at 170 nmol/kg conjugatedMMAF per kg. As for advanced tumor treatment, the conjugates 2e-Fc (5mg/kg) and 2e (170 nmol/kg) were injected on days 17, 21, and 25

after cell inoculation when the tumor volume reached about 600 mm3. Mean tumor volumes (mm3) versus time (in days) after cell inoculation are plotted. *p < 0.05. (C)

Individual tumor volume was graphed separately with n R 5 mice per group (n = 10 in the saline group and n = 5 in all other groups).
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xenografts (tumor burden z 100 mm3). The therapeutic efficacy
reached the late stage of experiments, indicative of the long-lasting
and profound anti-tumor effect. By contrast, the anti-tumor effect
of 2e was not as durable, and only a slight retardation of tumor growth
was observed in the wake of drug administration (Figures 7B and 7C).
This may be explained by the short half-life of 2e in blood circulation
and the limiting tumor deposition of drugs within the single-dose
regimen. In the advanced KB tumors (tumor burden z 600 mm3),
multiple injections (i.v., 5 mg/kg, Q4Dx3) of 2e-Fc led to tumor sta-
bilization for up to 1 month, which was significantly longer than its
counterpart, 2e (Figures 7B and 7C). Statistical tests revealed signifi-
cant differences among the treatment groups (p < 0.05). No toxicity
was observed, as assessed by monitoring of clinical signs and body
weight (Figure S9). Collectively, these data demonstrated that the
auristatin conjugate with the Asn-linker was highly active in FR-pos-
itive xenograft models.

DISCUSSION
We have investigated a class of mono-amino acid linkers that enable
conditional release of auristatin drugs by cathepsin B for the first time.
The amino acids in the linker library were chosen based on their sus-
ceptibility to proteases like other linkers sharing the same character-
istics or sequences. Based on previous reports,19,42 we expected that
the Ala-linker would serve as a mimic of the Ala-Ala ADC linker
with good cathepsin B sensitivity and mouse plasma stability. In par-
allel, we also devised the X-linker with aspartic acid and lysine, two
highly polar residues that would enhance the water solubility of
MMAF and increase its accessibility by cathepsin proteases. In partic-
ular, the Lys-linker in SMDC 2d was packed with the phenylalanine
residue of MMAF to form a well-established Lys-Phe dipeptide,
which was reported to be susceptible to cathepsin B cleavage.43 The
1056 Molecular Therapy Vol. 32 No 4 April 2024
Asn-linker (SMDC 2e) and the Ahx-linker (SMDC 2b) were exploited
as controls, as poly-Asn and Ahx have been well known as stable
linkers in engineered proteins.44,45 The in vitro potency testing (Fig-
ure 3) revealed an expected trend Ala z Asp z Lys > Ahx > no
linker, but surprisingly, the Asn-linker outperformed all other
mono-amino acid linkers and demonstrated the highest potency.
We also provided evidence of the fast cleavage of the Asn-linker by
cathepsin B in vitro, confirming its conditional cleavability at the
X-linker position. All the results indicated that amino acid derivatiza-
tion of X-linkers can modulate the hydrolysis activity and thus may
enable us to design more cleavable linkers in the future.

The clinical utility of SMDC relies heavily on the selectivity of this
molecular module to FR. Flow cytometric data in Figure 4 demon-
strated an FR-expression-level-dependent binding of SMDC to
different cell types. This receptor selectivity was correlated well
with the IC50 profiling results on three cell lines (Figure 3B). To
further confirm the fidelity, we generated an FR-positive cell line by
CRISPR-Cas9-mediated knockin of the FOLR1 gene (GenBank:
NM_000802.3) in HEK293 cells. This stable cell line HEK293/FR ex-
pressed a much higher level of FR than its parent cell line HEK293, as
confirmed by western blotting analysis in Figure S10. The discrimina-
tion between IC50 curves of two cell lines demonstrated that FR over-
expression did increase the cell susceptibility to the SMDC treatment
(Figure S11), suggestive of the SMDC selectivity.

The use of the X-linker could serve as a simple but effective solution
for the conditional release of MMAF from SMDC-Fc conjugates. The
Asn-linker was preferentially chosen over other mono-amino acid
linkers due to its fast response to cathepsin B treatment (Figure S12A).
Its superiority was consistent with what we observed in the test for
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in vitro cytotoxicity (Figure 3A). The Fc grafting has little impact on
the linker accessibility by the cathepsin B, as the released MMAF me-
tabolites were detected by LC-MS when we incubated 2e-Fc with
cathepsin B (Figure S12B). It is worth noting that cathepsin B might
be not indispensable for Asn-linker cleavage in the endosome, and
other cathepsins or proteases may take part in the linker cleavage
as well. For example, it has been reported that the Asn-containing tri-
peptides and dipeptide linkers are susceptible to the legumain, an as-
paraginyl endopeptidase that exhibits optimal activity at low pH in
the endosome.35,46 The cleavability of the Asn-linker by those endo-
somal proteases would promote the route 1 delivery algorithm, which
is shorter in route and quicker in action. However, this route hypoth-
esis needs to be further proven by monitoring the MMAFmetabolites
in cells or tumor tissues by a very sensitive analytical technique—i.e.,
the radiolabeled isotope technique or LC-tandem MS method.47–49 It
is of our interest to investigate the linker-dependent intracellular pro-
cessing on SMDC-Fc in the future.

The prolonged blood circulation of 2e-Fc stems from the intrinsic func-
tion of Fc protein. It not only supports the SMDC-Fc recycling through
its interaction with the FcRn but also prevents (at least slows down) the
renal clearance due to the bulky size of the protein. It is well known that
the typical kidney filtration threshold for proteins is around 50 kDa.50

The small-molecule-based SMDC 2e (MW: 1.4 kDa; Figure S13) is
generally renal clearable and can be rapidly eliminated from the
body through the urinary system, reflected by a short serum half-life
and high accumulation in the kidney (Figure 6). In contrast, 2e-Fc
(MW: 57 kDa), due to the threshold effect, was prevented from renal
elimination and thereby extended its half-life in the systemic circula-
tion. Nevertheless, the long retention in the blood stream increased
the deposition of 2e-Fc in the liver owing to the liver’s large visceral
mass and passive hepatic congestion. It is known that FcRn is also
significantly expressed in hepatic cell populations including Kupffer
cells and liver sinusoidal endothelial cells, which can help direct IgG
or SMDC-Fc back toward the circulation instead of to the bile for clear-
ance.51 Meanwhile, whether the metabolism and clearance of 2e-Fc in
the liver also rely on FcRn expression is unknown.

In our system, the linker-optimized SMDCwas graftedwith the effector
proteinFc for better in vivoperformance. Fcprotein is of great therapeu-
tic interest not only because it confers a long circulation half-life on its
cargo by virtue of its favorable pH-dependent binding to FcRn52,53 but
also because of its low-cost availability and superior stability. Fc protein
is highly productive in bacteria strains and is also quite thermostable in
its deglycosylated form.54 We have conducted a stability assessment,
demonstrating that both SMDC and SMDC-Fc were quite stable at
37�C (Figure S14). We envisage that this SMDC-Fc scaffold, by being
blessed with the cleavable Asn-linker, could be developed into a new
molecular class for targeted cancer chemotherapy.

MATERIALS AND METHODS
Cell culture

KB, HeLa, NCI-N87, HepG2, and A549 cells were purchased from
American Type Culture Collection. Upon thaw, HepG2 cells were
cultured in Roswell Park Memorial Institute 1640 medium (RPMI
1640, Gibco) supplemented with 10% fetal bovine serum (FBS; Gibco)
and 1% penicillin-streptomycin (PS; Gibco). KB, HeLa, NCI-N87,
and A549 cells were cultured in folate-free RPMI 1640 (Thermo Sci-
entific) supplemented with 10% FBS and 1% PS. All cells were main-
tained in a humidified cell culture incubator at 37�C with 5% carbon
dioxide (CO2).

SMDC compounds

Synthesis details and characterization data of all SMDCs in this study
are described in the supplemental information.

Protein expression, purification, and conjugation

Diglycyl Fc protein was prepared as we previously reported.10 To
achieve precise controlled and site-specific azido-labeling at the N ter-
minus of the diglycyl Fc, a sortase A-mediated transpeptidation
reaction was performed. Briefly, the purified diglycyl Fc protein
(5 mg/mL) and pseudopeptide-656 (8 equivalent) were mixed in
Tris-buffered saline, to which immobilized sortase A enzyme (1/400
equivalent) was added, and a transpeptidation reaction occurred. Af-
ter 6 h of co-incubation at room temperature, the reaction was precip-
itated with 85% ammonium sulfate solution and further desalted with
the G25 column aforementioned to yield the azido Fc protein. In or-
der to visualize the azido Fc, sulfo-Cy3 DBCO can be added into the
product before sample preparation of SDS-PAGE. All conjugation
products were electrophoresed by SDS-PAGE to confirm their purity
andMW. The final purified products (azido Fc) were concentrated by
ultrafiltration and stored in PBS buffer containing 20% glycerol
at �30�C.

Fc grafting

SMDCs were conjugated with the azido Fc protein by CuAAC click
reaction. Briefly, 5 mg/mL azido Fc protein was mixed with alkyne-
functionalized SMDCs (4 equivalent) in PBS buffer containing 10%
glycerol. The reaction was catalyzed by THPTA-stabilized Cu+ and
incubated at room temperature for 4 h. The reaction was precipitated
with 85% ammonium sulfate solution and further desalted with the
G25 column to yield the final products. All conjugates were analyzed
by ESI-orthogonal acceleration (oa)-TOF MS to confirm the MW.
The final products (SMDC-Fc) were concentrated by ultrafiltration
(MW cutoff: 10 kDa) and stored in PBS buffer plus 20% glycerol
at �30�C.

LC-MS analysis

The normal LC-MSmethod for small molecules and SMDCs was per-
formed as follows. Analytical characterization was performed using a
Thermo Scientific Q Exactive Orbitrap LC-MS system. Typically, 5 mL
injections were separated using a reversed-phase C18 column
(3 � 50 mm, 3 mm, SHIMADZU). The eluent was monitored by
UV (220, 254, and 280 nm) and MS (150–2,000 Da, ES+/ES�). The
mobile-phase solvents were water with 0.1% formic acid (solvent
A) and acetonitrile with 0.1% formic acid (solvent B). The flow rate
was 0.3 mL/min with linear gradients from 95% A/5% B to 5%
A/95% B over 10 min.
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Analysis of SMDC-Fc was performed using a Waters SYNAPT G2-Si
High-Definition MS system. Samples (�10 mL of �2 mg/mL stock)
were separated using an ACQUITY UPLC Protein BEH C4 Column
(300 Å, 1.7 mm, 2.1 � 50 mm, Waters Corporation) at 80�C by UV
(280 nm) and MS (200–4,500 Da, ES�). The 5-min method used a
flow rate of 0.2 mL/min with a gradient of buffer A (0.1% formic
acid in water) and buffer B (0.1% formic acid in acetonitrile). The
gradient running program is as follows: maintain 95% buffer A and
5% buffer B from 0 to 60 s, adjust to 5% buffer A and 95% buffer B
as a gradient from 30 to 240 s, maintain 5% buffer A and 95% buffer
B from 240 to 300 s. Samples (� 20 mL of�1mg/mL stock) were typi-
cally treated with 2 mL 0.5 M TCEP immediately prior to analysis.
SMDC-Fc were separated from reaction buffer salts using a Thermo
Scientific Zeba Desalting Column before sampling. The raw charge
envelope was deconvoluted using MassLynx software.

Cell binding and flow cytometry analysis

To assess the binding specificity to FR, all experiments were per-
formed at room temperature to minimize the internalization upon re-
ceptor binding. Briefly, auristatin bioconjugates (sulfo-Cy5 labeled,
Duoflour) were diluted within the different concentrations and co-
incubated with cancer cells (�20,000 cells) for 2 h in serum-free
RPMI 1640 media supplemented with 1% BSA. The cells were washed
twice with PBS and analyzed on a BD LSR II flow cytometer (Beckton
Dickinson).

IC50 profiling

KB cells were seeded in a culture-treated 96-well clear plate (�3,000
cells per well) and allowed to grow for 24 h. Themediumwas replaced
with a culture containing different concentrations of the test com-
pounds (1:3 dilution steps) and incubated for 72 h. Cell viability
was measured using the CCK-8 according to the protocol. Briefly,
15 mL CCK-8 solution was added into the culture. After the 2-h incu-
bation at 37�C, the absorbance at a wavelength of 450 nm was
measured by a microplate reader (TECAN). IC50 values were deter-
mined by fitting data to the three-parameter logistic equation, using
Prism8 software (GraphPad Software) for data analysis.

Cathepsin B cleavage

Cathepsin B (bovine spleen) was purchased from Sigma-Aldrich. To
activate the enzyme, it was incubated for 15 min with the buffer of
25 mM sodium acetate, 1 mM EDTA, and 10 mM DTT (pH 5.5) un-
der ambient temperature. SMDCs (final concentration: 100 mM) were
mixed with 100 nM activated cathepsin B in the reaction buffer at
37�C. At indicated time points, 20 mL of the solution was taken out,
and each aliquot of the sample was immediately quenched by adding
10 mL HPLC solvent (acetonitrile:water = 95:5 v/v, 0.1% formic acid).
The samples were analyzed byHPLC using a gradient from 5% to 95%
over 30 min. The hydrolysis fragments from the SMDC were identi-
fied through LC-MS analysis.

In vivo biodistribution

All the animal studies were performed in compliance with the guide-
lines of the Chinese Regulations for the Administration of Affairs
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Concerning Experimental Animals and the Institutional Animal
Care and Use Committee of Wuhan University. To minimize the
impact of diet on serum folate levels, all mice (BALB/c nude) were
fed a folic-acid-deficient diet 4 weeks ahead of tumor implantation
and maintained throughout the experiments. KB cells (5 � 106)
were then injected subcutaneously into the dorsal of 8-week-old
BALB/c-nu mice. Tumor growth was measured 3 times per week,
and size was calculated using the formula length� width2/2. The bio-
distribution study was performed when the KB tumor volume
reached 400–600 mm3. Conjugates 2e-Fc (Cy7 labeled, 5 mg/kg)
and 2e (Cy7 labeled, equal dye dose) were injected into mice via the
tail vein in a volume of 200 mL. Mice were then imaged using the
IVIS in vivo imaging system (Bruker Xtreme BI) at 6, 24, 48, and
72 h. Food and water were provided normally during that period.
At the end of the experiment, the mice were euthanized. The tumors
and major organs (heart, lung, liver, spleen, and kidney) were har-
vested and imaged again for ex vivo analysis.
Pharmacokinetic studies

For pharmacokinetic studies, BALB/C mice were i.v. injected with
either 2e (Cy7 labeled, 5 mg/kg) or 2e-Fc (sulfo-Cy7 labeled, equal
dye dose) bioconjugates. Approximately 30 mL blood was collected
0.25, 0.5, 1, 6, 24, 48, 72, 96, and 120 h after injection. Blood samples
were imaged and quantified using an Odyssey CLx imaging system
(LI-COR Biosciences).
Fluorescent histochemical analysis

C57BL/6 mice were injected i.v. with 5 mg/kg conjugates 2e-Fc (Cy5
labeled, 5 mg/kg) and 2e (Cy5 labeled, equal dye dose). Mice were
sacrificed at the indicated time points, and organs were removed
and fixed in 10% formalin (Sigma-Aldrich) overnight at 4�C. Fixed
tissues were embedded in Tissue-Tek OCT Compound (Sakura),
sliced into 10-mm sections, mounted on pretreated glass slides, and
mounted with Fluoroshield with DAPI histology mounting medium
(Sigma-Aldrich). Sections were evaluated for the presence of conju-
gates using the Leica Aperio slide scanner.
In vivo therapy

KB xenografted tumors were implanted into BALB/c-nu mice as
described above. When tumor sizes reached about 100 or 600 mm3,
auristatin conjugates with Asn-linkers (2e or 2e-Fc) were adminis-
tered as the dosage regimen recommended. Tumor growth and
body weight were measured 3 times per week, and tumor size was
calculated using methods as described above. The inoculated animals
were examined daily to monitor the health condition. A ruffled coat,
reluctance to move, sizable abdominal enlargement or ascites, or
rapid weight loss was considered a sign of illness and toxicity. Ani-
mals were sacrificed when the termination criteria were reached.
Statistical analysis

All data are presented as mean ± standard deviation. Independent-
sample t tests were used to compare the means between two different
groups. One-way analysis of variance was used to determine the
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significance level with GraphPad Prism8 software, and p < 0.05 were
considered statistically significant.
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