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rotodrugs against cancer increase
the therapeutic potential of chemotherapy through
local capture and activation†

Kui Wu,‡a Nathan A. Yee,‡b Sangeetha Srinivasan,b Amir Mahmoodi,b

Michael Zakharian,b Jose M. Mejia Oneto*b and Maksim Royzen *a

A desired goal of targeted cancer treatments is to achieve high tumor specificity with minimal side effects.

Despite recent advances, this remains difficult to achieve in practice as most approaches rely on biomarkers

or physiological differences betweenmalignant and healthy tissue, and thus benefit only a subset of patients

in need of treatment. To address this unmet need, we introduced a Click Activated Protodrugs Against

Cancer (CAPAC) platform that enables targeted activation of drugs at a specific site in the body, i.e.,

a tumor. In contrast to antibodies (mAbs, ADCs) and other targeted approaches, the mechanism of

action is based on in vivo click chemistry, and is thus independent of tumor biomarker expression or

factors such as enzymatic activity, pH, or oxygen levels. The CAPAC platform consists of a tetrazine-

modified sodium hyaluronate-based biopolymer injected at a tumor site, followed by one or more doses

of a trans-cyclooctene (TCO)-modified cytotoxic protodrug with attenuated activity administered

systemically. The protodrug is captured locally by the biopolymer through an inverse electron-demand

Diels–Alder reaction between tetrazine and TCO, followed by conversion to the active drug directly at

the tumor site, thereby overcoming the systemic limitations of conventional chemotherapy or the need

for specific biomarkers of traditional targeted therapies. Here, TCO-modified protodrugs of four

prominent cytotoxics (doxorubicin, paclitaxel, etoposide and gemcitabine) are used, highlighting the

modularity of the CAPAC platform. In vitro evaluation of cytotoxicity, solubility, stability and activation

rendered the protodrug of doxorubicin, SQP33, as the most promising candidate for in vivo studies. In

mice, the maximum tolerated dose (MTD) of SQP33 in combination with locally injected tetrazine-

modified biopolymer (SQL70) was determined to be 19.1-times the MTD of conventional doxorubicin.

Pharmacokinetics studies in rats show that a single injection of SQL70 efficiently captures multiple

SQP33 protodrug doses given cumulatively at 10.8-times the MTD of conventional doxorubicin with

greatly reduced systemic toxicity. Finally, combined treatment with SQL70 and SQP33 (together called

SQ3370) showed antitumor activity in a syngeneic tumor model in mice.
Introduction

Directing the activity of drugs to a location of the body where
they are needed is a critical medicinal chemistry challenge,
particularly with cytotoxic chemotherapy. Typically, only 1–2%
of a systemically administered dose reaches the desired site i.e.
the tumor, and as a result, these treatments are oen associated
with severe systemic adverse effects.1 This limits the amount of
drug that can be given to a patient safely. Thus, a critical
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challenge associated with cytotoxic chemotherapies is their
narrow therapeutic window. For example, doxorubicin (Dox) is
a commonly used cytotoxic anthracycline drug with well-
characterized and severe side effects. The antitumor activity of
Dox is attributed to its interference of DNA replication by
inhibiting topoisomerase II enzyme, and it has been used in the
clinic to treat a variety of neoplastic conditions such as so
tissue sarcoma, acute lymphoblastic leukemia, acute myelo-
blastic leukemia, breast cancer, Kaposi's sarcoma and other
types of cancer.2 Studies have shown that the efficacy of potent
antitumor drugs like Dox increase with higher concentrations in
vitro and in vivo.3,4 Despite its potent broad-spectrum antitumor
activity, the clinical use of Dox is limited by life-threatening
toxicities, with the most signicant being largely irreversible
and dose-dependent cardiotoxicity.5 The short- and long-term
toxic effects in the heart range from alterations in myocardial
structure and function, to congestive heart failure and severe
Chem. Sci., 2021, 12, 1259–1271 | 1259
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cardiomyopathy. Congestive heart failure was reported in >4%,
>18%, or 36% of patients who had received cumulative Dox
doses of 500 to 550, 551 to 600, or >601 mgm�2, respectively.6 In
response, the clinical lifetime maximum dose of Dox is limited
to 400–450 mg m�2 in patients to minimize cardiotoxicity.
However, this dose also limits the antitumor therapeutic benet
received by patients.7 Treatment of solid tumors is an important
example of an unmet medical need for novel strategies to effi-
ciently focus cytotoxic activity locally, while sparing the rest of
the body of deleterious toxic effects.

A number of drug delivery approaches have been developed
in order to address these shortcomings. To improve the thera-
peutic window of Dox, targeted drug activation approaches have
been developed in which Dox-based therapeutics with attenu-
ated activity are administered systemically and activated in the
body by inherent biological differences between cancerous and
healthy tissue, such as pH,8 oxygen level,9 or protein expres-
sion.10 Several such therapeutics have been developed by
modifying the aminoglycoside portion of Dox with peptides,
designed to be cleaved by proteases elevated in cancerous cells:
(1) L-377202 (Merck),11–13 (2) DTS-201 (or CPI-0004Na; Diatos),10

and (3) “Compound 5” (Bristol-Myers Squibb).14 The main
benet of cancer-activated therapeutics is that they may elimi-
nate cancerous cells, while sparing healthy tissue from the
cytotoxic effects. However, variability in the biological differ-
ences between cancerous and healthy tissue, as well as inter-
patient variabilities, are major limitations and current targeted
activation approaches have failed to reach meaningful
improvements to the safety prole of conventional Dox in the
clinic.

In addition to dose-limiting toxicity, poor aqueous solubility
is another obstacle in the systemic administration of well-
established anticancer drugs, such as paclitaxel (PTX) and eto-
poside (ETP). Formulation of these drugs oen requires organic
co-solvents which restricts their utility in the clinic. PTX has
been widely used to treat lung, breast, pancreatic and ovarian
cancers.15 This anti-microtubule diterpenoid triggers cellular
apoptosis by blocking the progression of mitosis. Due to poor
solubility, PTX is typically formulated using ethanol or poly-
ethylated castor oil, Cremophor EL. This formulation can cause
serious side-effects, such as peripheral neuropathy, hypoten-
sion, and hypersensitivity.16,17 ETP is frequently used in
combination with other chemotherapeutic agents to treat
refractory testicular tumors, small-cell lung cancer, lymphoma,
non-lymphocytic leukemia and glioblastoma multiforme.18 ETP
inhibits DNA topoisomerase II, thereby inhibiting DNA
synthesis at the pre-mitotic stage. Due to poor aqueous solu-
bility, administration of high-doses of ETP requires formulation
in ethanol, polysorbate 80, benzyl alcohol, and polyethylene
glycol and can cause hypotension and allergic reaction.19,20

In order to address these challenges, we developed the
modular, Click Activated Protodrugs Against Cancer (CAPAC)
platform, in which cytotoxics are activated locally through the
combination of systemically administered protodrugs with
attenuated toxicity, and a locally injected protodrug-activating
biopolymer. Click chemistry-based approaches involve highly
reactive and mutually selective chemical groups that minimally
1260 | Chem. Sci., 2021, 12, 1259–1271
interact with natural mammalian physiology – thus the site-
specic targeting is achieved through chemistry rather than
relying on the inherent biological properties of the tumor.21–24

The CAPAC platform is illustrated schematically in Fig. 1, and
involves 4 steps: (1) a biopolymer modied with tetrazine (Tz)
groups is injected directly to a tumor site. (2) A protodrug form
of a cytotoxic, which has been chemically attenuated by modi-
cation with trans-cyclooctene (TCO), is administered systemi-
cally. (3) The protodrug is captured at the biopolymer injection
site (the targeted region) and removed from circulation through
a covalent inverse electron-demand Diels–Alder reaction
between TCO and Tz, concentrating it to the desired site with
precise spatial control. (4) A subsequent chemical reaction
spontaneously releases the active drug. In this approach, the
site-specic targeting is achieved through the chemical reac-
tivity of Tz and TCO, rather than relying on the inherent bio-
logical properties of the tumor, resulting in a wider therapeutic
window compared to other targeted approaches. Additionally,
hydrophilic substituents can be incorporated to the TCO
moiety, allowing for improved aqueous solubility of the proto-
drug over the parent compound.

A key aspect of the CAPAC platform is intratumoral/
peritumoral injection of the Tz-modied biopolymer. Intra-
tumoral therapy is an attractive alternative to conventional
chemotherapy because it can allow safer and more aggressive
administration of antineoplastic agents directly into a desired
lesion. This modality can be used pre- and post-operatively and
is especially benecial for patients who have inoperable lesions,
as well as those who are ineligible for surgery. Recently, intra-
tumoral treatments have been shown to induce systemic anti-
tumor responses in non-injected tumors.25,26 In this way,
intratumoral therapies can be used to treat tumors that have
advanced beyond a strictly local or regional site.

When the earliest clinical reports for direct intratumoral
injection of chemotherapy were published more than 50 years
ago,27,28 there were many issues such as local tissue damage
from imprecise injections, rapid drug clearance, and the need
for repeated in-patient injection procedures which prevented
the technique from becoming a mainstream mode of chemo-
therapy administration.29 Since then, advances in material
science and technology, such as the advent of image-guided
techniques for biopsies and injections30 have addressed many
of these issues. As a result, intratumoral injections are not only
feasible, but increasingly common in clinical trials for
cancer.31–33 In fact, the lead candidate of the CAPAC platform,
SQ3370, is currently being evaluated in a Phase 1 clinical trial in
patients with advanced solid tumors, in which the biopolymer is
administered through peri/intratumoral injection.34

Results

We have previously demonstrated proof-of-concept and feasi-
bility of the CAPAC platform in an animal model,24 and showed
enhanced safety and efficacy with a cytotoxic protodrug in
a mouse tumor model.35 The CAPAC approach allowed a higher
amount of a TCO–Dox protodrug to be given intravenously (IV)
without adverse effects as compared with conventional Dox
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 1 Mechanism of CAPAC platform: (1) Tz-modified biopolymer is locally injected at the pathological site. (2) A TCO-modified drug (pro-
todrug) is infused systemically. (3) The protodrug is captured by the biopolymer at the desired site through a rapid covalent reaction between Tz
and TCO moieties, followed by (4) chemical rearrangement to release active drug.
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treatment, and furthermore, it showed complete response when
treating a local brosarcoma in mice. However, clinical trans-
lation of the previous construct was problematic due to poor
aqueous solubility of the TCO–Dox protodrug, which consider-
ably limited the amount of treatment that could be given IV.
Described herein, we incorporated hydrophilic groups to the
TCO moiety in order to improve aqueous solubility of the
resulting protodrugs. We also highlight the modularity of the
CAPAC platform through synthesis of novel protodrugs of small
molecule chemotherapeutics like PTX, ETP and gemcitabine
(GCB), in addition to Dox. We then evaluated the cytotoxicity,
solubility, stability and activation of these protodrugs in vitro
and identied the Dox protodrug, SQP33, as the best candidate
for in vivo studies. SQP33 protodrug was tested in vivo with
SQL70 biopolymer, which is composed of sodium hyaluronate
(NaHA), a non-sulfated glycosaminoglycan, modied with Tz. IV
administration of SQP33 following a subcutaneous (SC) injec-
tion of SQL70 (together called SQ3370 treatment) proved to be
signicantly less toxic than Dox hydrochloride (HCl), allowing
markedly higher doses to be well-tolerated in mice and rats,
with signicantly reduced adverse cytotoxic exposure. Speci-
cally, a cumulative SQP33 dose equivalent to 10.8-times the
cumulative maximum tolerated dose (MTD) of Dox HCl was
safely administered to rats resulting in a lower Dox exposure
observed in their heart tissues as compared to rats treated with
Dox HCl. The MTD of SQ3370 in mice was established at 19.1-
times the single-dose MTD of Dox HCl. Furthermore, pharma-
cokinetic (PK) analysis in mice and rats conrmed the hypoth-
esis that SQL70 biopolymer effectively captures SQP33
protodrug, resulting in release of active Dox at the desired site.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Protodrug design, synthesis and in vitro evaluation

Recognizing that the TCO moiety is only present at the proto-
drug stage led to the design of a second generation of proto-
drugs with improved aqueous solubility. Structural elements of
TCO were explored to introduce additional hydrophilic groups,
as illustrated in Scheme 1. At the core of the protodrug struc-
tures is a heterobifunctional TCO36,37 bearing a carboxylic acid
at a tertiary carbon, which was regioselectively modied with
cytotoxic compounds on one end and functionalized with
hydrophilic groups, such as glycine or aspartic acid on the
other. Importantly, the TCO carboxylate used is 99% enantio-
meric excess (ee) at that tertiary chiral carbon, so that only
single diastereomers of the protodrugs are formed. Three
general synthetic procedures have been developed that allow
modular assembly of these constructs, while taking into
account inherent sensitivity of Dox, PTX, ETP and GCB to
various late-stage chemistries. In principle, other amino acids
or hydrophilic groups could be installed as desired.

The rst strategy, utilized for the synthesis of Dox protodrug
SQP33, entailed sequential coupling of the drug followed by the
hydrophilic group to heterobifunctional TCO intermediate 1.
Derivative 1 was prepared as a single diastereomer in 11 steps
starting from 1,5-cyclooctadiene.36,37 The critical nal steps are
described in Scheme 2. Coupling of Dox to the more reactive
NHS carbonate afforded compound 2. The nal step proved to
be challenging, as the direct coupling of glycine proceeded in
low yield. Alternatively, coupling of glycine methyl ester failed to
offer a path forward due to the challenges of subsequent
saponication given the lability of Dox to basic hydrolysis of the
methyl ester. Enzymatic ester hydrolysis was also unsuccessful
Chem. Sci., 2021, 12, 1259–1271 | 1261



Scheme 1 Chemical structures of TCO-protodrugs of various cytotoxics.
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due to poor ester solubility in phosphate-buffered saline (PBS).
Moreover, addition of dimethyl sulfoxide (DMSO) as a co-
solvent interfered with the esterase activity. We also consid-
ered acid-labile protecting groups, but, recognized that the
sensitivity of the TCO group towards isomerization to the cor-
responding cis-isomer limited this strategy. Finally, we discov-
ered that transient protection of the carboxylic acid moiety of
glycine as a trimethylsilyl (TMS) ester allowed efficient coupling
to 2. The TMS protecting group was found to be extremely
moisture-sensitive and its deprotection was achieved upon
aqueous workup of the reaction mixture.

Two different synthetic strategies, illustrated in Schemes 3A
and B, were developed to synthesize the protodrugs of PTX and
ETP. In each strategy, the heterobifunctional TCO derivative 3,
was rst coupled to hydrophilic groups containing protected
carboxylic acids. As shown in the preparation of the PTX pro-
todrug in Scheme 3A, Fmoc-protected glycine ester 4 was
prepared, activated to p-nitrophenyl carbonate 5, and coupled
with PTX at the side chain hydroxyl to give the Fmoc-protected
intermediate 6. Then, PTX-TCO-gly was obtained by removal of
the Fmoc protecting group using piperidine in DMF. The
preparation of the ETP protodrug is shown in Scheme 3B.
Briey, TCO derivative 3 was modied with bis-2-(trimethylsilyl)
ethyl aspartate to give intermediate 8, and the allylic alcohol
group was converted to the p-nitrophenyl (PNP) carbonate 9.
ETP-TCO-asp was obtained by coupling of 9 with ETP and
subsequent deprotection of the bis-(trimethylsilyl)ethyl ester
groups using TBAF.

A third synthetic strategy was employed to access GCB-TCO-
acid, as illustrated in Scheme 4. First, the carboxylic acid group
Scheme 2 Synthesis of SQP33: (a) Dox, DIPEA, DMF; (b) glycine, TMS–C

1262 | Chem. Sci., 2021, 12, 1259–1271
of the TCO 3 was protected in two steps: (1) selective conversion
to NHS ester 11 using N,N-disuccinimidyl carbonate (DSC),
followed by (2) coupling with to 2-(trimethylsilyl)ethanol to give
TMS ethyl ether 12. The allylic alcohol of 12 was subsequently
converted into an active PNP carbonate, which reacted with the
free amino group of tetraisopropyldisiloxane-protected gemci-
tabine 14 to give adduct 15. Global deprotection of the silyl
groups with TBAF afforded GCB-TCO-acid.

Extensive in vitro evaluation of the protodrugs was carried
out to choose a suitable candidate for in vivo studies. The goal
was to identify protodrugs that would be at least ten-fold less
cytotoxic than the parent drugs, and which were up to ten-fold
more soluble in physiologically-relevant aqueous media. Both
of these factors would allow safe administration of higher
systemic doses. The stability of each protodrug was also tested
inmouse blood plasma to exclude the possibility of non-specic
protodrug activation. Lastly, it was conrmed that a Tz-
modied biopolymer could both efficiently capture the proto-
drugs, and subsequently activate them into the active cytotoxic
drugs.

Table 1 summarizes cytotoxicity, solubility, plasma stability
and biopolymer-triggered activation of the protodrugs. TCO
modication resulted in a pronounced lowering of cytotoxicity
of the protodrugs of Dox and ETP. Specically, SQP33 was 83-
times less cytotoxic to murine colorectal MC38 cells than Dox
(Fig. S1A–C†), while ETP-TCO-asp was 67-times less cytotoxic
than ETP in this same assay (Fig. S3A–C†). In contrast, we found
more modest reductions in cytotoxicity, less than 10-fold
reduction, for the protodrugs of PTX and GCB, suggesting that
the pharmacophore might not be fully masked in those
l, DIPEA, CH2Cl2, CH3CN.

© 2021 The Author(s). Published by the Royal Society of Chemistry



Scheme 3 (A) Synthesis of PTX-TCO-gly: (a) Fmoc-O-glycine, HATU, DIPEA, DMF; (b) PNP–Cl, pyridine, CH2Cl2; (c) paclitaxel, DMAP, CH2Cl2; (d)
piperidine, DMF. (B) Synthesis of ETP-TCO-asp: (a) HATU, DIPEA, DMF; (b) PNP–Cl, pyridine, CH2Cl2; (c) etoposide, Cs2CO3, DMF; (d) TBAF, THF.
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derivatives (Fig. S2A–C and S4A–C†). In each case, the addition
of the hydrophilic groups to the TCO moieties improved the
solubility of each of the protodrugs, except for GCB, which is
typically administered as an HCl salt. The most dramatic effect
was again observed for SQP33, which was 7.3-times more
Scheme 4 Synthesis of GCB-TCO-acid: (a) DSC, DIPEA, CH3CN; (b) TM
TBAF, THF.

© 2021 The Author(s). Published by the Royal Society of Chemistry
soluble in PBS than the HCl salt of Dox. HPLC studies described
in the ESI† conrmed that Tz-modied biopolymer can effi-
ciently convert the protodrugs of Dox, PTX and ETP into the
corresponding active cytotoxic agents over a 24 hour (h) period
(Fig. S1D, S2D and S3D†). Activation of GCB-TCO-acid was
S–ethanol, NaH, THF; (c) PNP–Cl, pyridine, CH2Cl2; (d) NaH, DMF; (e)

Chem. Sci., 2021, 12, 1259–1271 | 1263



Table 1 Summary of protodrug in vitro properties

Compound Cytotoxicity (IC50)
Solubility in
PBS (mg mL�1)

Protodrug plasma
stability (%)

Dox HCl 23 nM 3.8
SQP33 1.9 mM (83-fold) 28 >99
PTX 32 nM 0.1
PTX-TCO-gly 80 nM (2.5-fold) 1 96.5
ETP 160 nM 2.8
ETP-TCO-asp 10.8 mM (67-fold) 5 65.8
GCB HCl 3 nM 38.6
GCB-TCO-acid 26 nM (8.7-fold) 3 >99

Chemical Science Edge Article
studied using NMR (Fig. S4D†). Based on these results, SQP33
and ETP-TCO-asp appeared to be the best candidates for in vivo
studies. To focus on a single agent for preclinical studies suit-
able for enabling an Investigational New Drug (IND) applica-
tion, SQP33 was chosen on the basis of its plasma stability.
SQL70 biopolymer

SQL70 biopolymer is based on the non-sulfated glycosamino-
glycan, NaHA, that is well tolerated in the body, and has been
used clinically in unmodied, crosslinked, and derivatized form
for over ve decades.38,39 Commercially available NaHA was
modied with Tz, as shown in Scheme 5. Briey, NaHA was
activated with NHS and the carbodiimide EDC-HCl in the
presence of (4-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyl)
methanamine 16 in aqueous solution. Removal of reagents
and byproducts by tangential ow ltration afforded the NaHA–
Tz biopolymer. Aer assessment of different HA polymers and
different degrees of Tz substitution, the NaHA–Tz biopolymer
formed from 12 kDa HA and �19 weight% Tz modication was
selected, henceforth called SQL70 biopolymer. When injected
in mice, �50% of SQL70 of persisted at the SC injection site
aer 14 days (Fig. S5†). Due to this extended duration of resi-
dence, we anticipated that a single biopolymer injection could
be used to activate multiple protodrug doses in vivo.
Reduced systemic toxicity of SQ3370

The reduced toxicity of SQP33 (83-fold less toxic thanDox HCl in
vitro) translated to greater tolerability in vivo, enabling signi-
cantly higher doses to be administered in rodents compared to
Scheme 5 Structure and synthetic scheme of SQL70 biopolymer.
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conventional Dox. To quantitatively assess the tolerability of
SQ3370 in vivo, a toxicity study was conducted in mice to
determine the MTD compared to conventional Dox. C57BL/6
mice received varying dose levels of SQP33 (given IV once daily
for 5 days) in the presence or absence of SC-injected SQL70
biopolymer, or received conventional Dox HCl as a single dose,
using a 10% drop in body weight as the MTD threshold. A single
dose of Dox HCl at 20 mg kg�1 induced a drop in body weight
below 10% of baseline and was dened as the MTD (Fig. 2). In
the presence of SQL70 biopolymer, SQP33 at a cumulative dose
of 383 mg kg�1 (76.6 mg per kg per day), in Dox HCl equivalents
(Dox eq.), resulted in a body weight drop slightly under 10%.
The higher dose level tested (cumulative 487 mg kg�1 Dox eq.)
caused a 15% drop in body weight (Fig. S7†). Thus, the MTD for
SQ3370 was determined to be 383 mg kg�1 Dox eq., a 19.1-fold
enhancement of tolerability over conventional Dox HCl.
Notably, in the absence of SQL70 biopolymer, SQP33 at both
383 mg kg�1 and 487 mg kg�1 Dox eq. produced no decline in
body weight, conrming in an animal model the safety of the
protodrug itself.

Similarly, rats injected with SQL70 readily tolerated a cumu-
lative IV dose of SQP33 equivalent to 10.8-times the cumulative
MTD ofDox HClwithout overt toxicities. These results represent
a signicant safety margin over existing clinically tested Dox-
based therapeutics in both species. Fig. 3 compares the
amount of Dox safely administered in one week via SQ3370 to
the MTD, given as a single dose or as the sum of multiple doses
administered over a month, of conventional Dox HCl or Dox-
based therapeutics that have undergone clinical evaluation.
The tolerability of considerably higher doses in a shorter
amount of time was attributed primarily to the attenuated
systemic cytotoxicity of SQP33. Moreover, the ability of SQL70
biopolymer to efficiently sequester the protodrug out of circu-
lation and concentrate the active Dox to a targeted site further
contributed to higher dose tolerance. The efficiency of proto-
drug capture and activation in vivo were further investigated by
PK analysis, as described below.

In vivo pharmacokinetics

Studies in rodents were carried out to determine the plasma PK
and tissue Dox exposure of treatment with SQ3370. To assess
plasma PK, Sprague Dawley (SD) rats were split into two groups,
one group receiving a SC SQL70 biopolymer injection 1 h before
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 2 MTD of SQ3370 vs. conventional Dox HCl in mice. C57BL/6 mice (n ¼ 4–5 per group) were treated with one dose of Dox HCl at 20 mg
kg�1 and compared to mice treated with 5 daily doses of SQP33 at 76.6 mg per kg per dose Dox eq. (cumulative 383 mg kg�1 Dox eq.), in the
presence or absence of SQL70 biopolymer. Mice were weighed daily for up to 14 days once treatment started. A mean body weight loss $10%
per group indicated the MTD. Data are mean � SEM of percent change in body weights and significance was established by unpaired t-test with
Welch's correction compared to the Dox HCl control group.
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start of SQP33 dosing, and the other group receiving only SQP33
protodrug infusions without an SQL70 biopolymer injection.
SQP33 was administered IV to both groups on Days 1, 2, 3, 4 and
5 at 21.5 mg per kg per day Dox eq. Each daily dose of SQP33was
the equivalent of 2.9-times the single-dose MTD of conventional
Dox (7.4 mg kg�1),42 and the cumulative dose of SQP33 over the
5 days (107.5 mg kg�1 Dox eq.) was 10.8-times the multi-dose
MTD of conventional Dox given over 22 days (10 mg kg�1),40

as discussed previously. No adverse effects were observed in
Fig. 3 Tolerability of SQ3370 as compared to Dox and clinically tested D
mice was determined to be 383 mg kg�1 (76.6 mg per kg per day � 5
determined single-dose MTD of conventional Dox. (B) In rats, a cumulativ
without overt toxicities, a 10.8-fold margin over the conventional Dox M
have only been able to advance the MTD up to 60 mg kg�1 in mice40 and
doses here are represented in Dox eq.

© 2021 The Author(s). Published by the Royal Society of Chemistry
animals receiving these high doses throughout the study. Blood
was drawn 0.5, 1, 2, 3, 4, 6, 8, 12 and 24 h post-SQP33 injection
on each day and liquid chromatography-mass spectrometry (LC-
MS) was used to measure plasma SQP33 protodrug and active
Dox concentrations. Day 1 plasma concentrations of protodrug
and active Dox, following a single dose of SQP33 in the absence
or presence of SQL70 biopolymer are shown in Fig. 4. When
biopolymer was injected, within 30 minutes aer dosing the
plasma concentration of protodrug was below the limit of
ox-based treatments in rodents. (A) The cumulative MTD of SQ3370 in
days), representing a 19.1-fold enhancement over the experimentally
e dose of 107.5 mg kg�1 (21.5 mg per kg per day� 5 days) was tolerated
TD administered as 4 weekly doses.40 Previous Dox-based treatments
up to 45 mg kg�1, administered in two doses 22 days apart, in rats.41 All

Chem. Sci., 2021, 12, 1259–1271 | 1265



Fig. 5 5 day plasma concentration–time curves of SQP33 protodrug
and active Dox in rats treated with SQ3370. SD rats were given one SC
SQL70 biopolymer injection 1 h before SQP33 protodrug dosing
began. 21.5 mg per kg per dose Dox eq. of SQP33 protodrug was
administered IV at time points 0, 24, 48, 72, and 96 h. The cumulative
dose of SQP33 protodrug added up to 107.5 mg kg�1 Dox eq. (10.8-
times higher than the multi-dose MTD of Dox HCl). Plasma concen-
trations of SQP33 protodrug and active Dox were measured using LC-
MS at 0.5, 1, 2, 3, 4, 6, 8, 12, and 24 h after each SQP33 protodrug dose.
Plasma concentrations over 120 h are displayed on a log10 scale of the
mean + SEM of n ¼ 3 per timepoint for both SQP33 protodrug (A) and
active Dox (B). Plasma SQP33 protodrug curve (A) is disconnected
between some measurements because concentrations between
those measurements were BLOQ (1 ng mL�1).
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quantication (BLOQ; 1 ng mL�1), indicating rapid capture by
the biopolymer. This was associated with an increase in Dox,
conrming release of the active drug. Conversely, in the absence
of SQL70 biopolymer, the administered protodrug was detected
throughout the 24 h period, with signicantly lower levels of
Dox detected. Comparison of PK parameters (Tables S1 and S2†)
in the absence and presence of SQL70 provide additional
quantitative comparison. On Day 1, the plasma exposure of
active Dox in the no-SQL70 group, as measured by area-under-
the-curve (AUC), was only 2.2% of the value of the SQL70-
injected group, suggesting that SQP33 protodrug was stable in
vivo with minimal non-specic conversion to active Dox in the
absence of SQL70 biopolymer. Accordingly, the Day 1 plasma
exposure of SQP33 protodrug decreased by 2444-fold in the
presence of SQL70 (compared to the no-SQL70 group), as rapid
capture by the biopolymer rendered the protodrug undetectable
in plasma following the 0.5 h timepoint.

PK analysis also showed SQL70 biopolymer retains in vivo
activity over the 5 day dosing period. The plasma concentra-
tions of SQP33 protodrug and active Dox over the 5 day SQP33
dosing period following a single SQL70 biopolymer injection
on Day 1 are shown in Fig. 5. An increase in the plasma
concentration of active Dox was observed (compared to the no
biopolymer control on Day 1) following each dose of SQP33
when SQL70 biopolymer was present, indicating a retention of
the activating capabilities over the 5 day treatment period. We
note that the maximum concentration (Cmax) of SQP33 proto-
drug increased with each additional dose, while the Cmax of
active Dox decreased over the 5 days (Table S2†). The average
plasma SQP33 protodrug Cmax on Day 5 with SQL70
biopolymer (Table S2†) was reduced by 289.7 ng mL�1

compared with the average Cmax (Table S1†) of the no-
biopolymer treatment group from Day 1 to Day 5. This
nding was correlated with a 74.9 ng mL�1 increase in the
average plasma active Dox Cmax on Day 5 with SQL70
biopolymer (Table S2†) compared to the average without the
biopolymer (Table S1†). This indicates that while activity is
Fig. 4 Nonspecific activation of SQP33 protodrug. SD rats were treated
eq. (2.9-times higher than the single-dose MTD of Dox HCl) in the abs
injection. This figure shows the 24 h plasma concentrations of SQP33 pr
SQP33 protodrug and active Dox were measured using LC-MS at 0.5
Concentrations are displayed on a log10 scale of the mean + SEM of n ¼
indicated.
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indeed retained over at least 5 days, there is a gradual decrease
in the capture and activation properties. We hypothesize that
this is due to multiple factors, including depletion of the
number of active Tz sites on the biopolymer with repeated
with an intravenous infusion of SQP33 protodrug at 21.5 mg kg�1 Dox
ence (A) or presence (B) of SQL70 biopolymer (click activating group)
otodrug and active Dox following treatment. Plasma concentrations of
, 1, 2, 3, 4, 6, 8, 12, and 24 h after the SQP33 protodrug infusion.
3 per timepoint, and measurements that were BLOQ (1 ng mL�1) are

© 2021 The Author(s). Published by the Royal Society of Chemistry
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protodrug dosing, biopolymer clearance, or degradation of the
Tz itself over time in vivo. Experiments in which a single dose
of SQP33 was administered following SQL70 injection, with
varying time intervals in between (Fig. S8†) show that activity
diminishes even without repeated protodrug dosing, suggest-
ing that Tz depletion is not the only factor.

To explore the off-target active drug exposure of the CAPAC
platform compared to conventional chemotherapy, we
compared the tissue active Dox exposure from treatment with
SQ3370 to that of treatment with conventional Dox HCl. Two
groups of SD rats were treated with 5 daily doses SQP33 at
21.5 mg per kg per dose Dox eq. in the presence or absence of
SQL70 biopolymer and compared to a control group that was
injected IV with Dox HCl at 8.1 mg kg�1. Tissue samples were
collected from the heart, kidney and liver 5 days aer treatment,
and analyzed using LC-MS. Fig. 6 shows the dose-adjusted
tissue active Dox exposure for each group. In both groups that
were treated with SQP33, adverse active Dox exposure to non-
target tissues was signicantly lower than the group treated
with conventional Dox HCl relative to the dose administered.
Importantly, the dose-adjusted heart Dox exposure was signi-
cantly lower in SQ3370 treatment, which may result in a reduc-
tion of Dox-induced cardiotoxicity. Notably, cumulative
absolute Dox exposure to the heart was also lower with SQ3370
treatment (Fig. S9†), despite SQ3370 being administered at over
13-times the dose of conventional Dox.
Fig. 6 Active Dox exposure to non-target-tissues in SQ3370 vs.
conventional Dox HCl. SD rats (n ¼ 3–6 per group) were treated with
one dose of Dox HCl, at 8.1 mg kg�1, and compared to rats treated
with 5 daily doses of SQP33, at 21.5 mg per kg per dose Dox eq., in the
presence (+) or absence (w/o) of SQL70 biopolymer. Tissue samples
were collected from the heart, kidney and liver 5 days after treatment,
and analyzed using LC-MS. Tissue exposure is reported as a percent of
the cumulative Dox eq. dose that was administered. Significance was
established by unpaired t-test with Welch's correction. Data shows
group mean + SEM. Active Dox exposure to non-target-tissues was
significantly lower with SQ3370 treatment as compared to Dox HCl
treatment.

© 2021 The Author(s). Published by the Royal Society of Chemistry
Lastly, we examined the PK and biodistribution of a proto-
drug dosing regimen longer than 5 days. Healthy female C57BL/
6 mice were treated with a single SC biopolymer injection fol-
lowed by 15 IV infusions of SQP33 protodrug at 43mg per kg per
dose Dox eq. into the tail vein over 3 weeks (5 daily doses per
week on weekdays only). The dosage schedule is shown in
Fig. S10A.† Blood samples were collected at 1 h (n¼ 3), 24 h (n¼
2), and on Days 5, 12, and 19 (n ¼ 5) following the rst SQP33
protodrug injection. Biopolymer injection site tissue was
collected on Days 19 (n ¼ 1) and 26 (n ¼ 4). Samples were
analyzed by LC-MS for SQP33 protodrug and active Dox and are
shown in Fig. S10B–D,† for plasma and targeted region
(biopolymer injection site), respectively.

Consistent with results in rats, SQP33 was rapidly captured
by the biopolymer on the rst day of dosing. 1 h aer the rst
SQP33 protodrug dose, plasma concentrations were almost
exclusively active Dox, indicating efficient protodrug capture
and activation. Within 24 h, there was no detectable SQP33
protodrug in plasma, and reduced levels of active Dox were
observed compared with the 1 h time point – suggesting clear-
ance of active Dox. Plasma analyses on Days 5, 12, and 19
showed increasing amounts of SQP33 protodrug 1 h aer the
injection. Conversely, plasma concentrations of active Dox
decreased over the treatment course from 1257 ng mL�1 on Day
1 to 73.5 ngmL�1 on Day 5 and down to 37.7 ngmL�1 on Day 12.
These trends are similar to those seen in rats and indicate the
biopolymer activity gradually decreases over time in vivo.

Results from this experiment also show that on the last day
of SQP33 protodrug dosing (Day 19), the average concentration
of active Dox in plasma was smaller than that of SQP33; while,
in notable contrast, concentration of active Dox at the
biopolymer injection site was higher than that of SQP33
(Fig. S10C and Table S3†). Furthermore, on Day 26, 7 days aer
the nal SQP33 dose, no SQP33 protodrug was detected at the
biopolymer injection site, while active Dox levels were still more
than 51% of the biopolymer injection site active Dox levels
detected on Day 19 (Fig. S10D and Table S3†). Taken together,
these results show a higher active drug exposure at the
biopolymer injection area, as compared to plasma, and indicate
that a detectable amount of active Dox remains at the
biopolymer injection site for at least 7 days aer the last SQP33
protodrug dose.
Antitumor efficacy in a mouse model

A study in tumor-bearing mice was conducted to evaluate if
SQ3370 showed antitumor activity, as previously seen with the
rst-generation compounds.35 Immunocompetent C57BL/6
mice with syngeneic MC38 ank tumors were treated with
either saline (IV) or SQ3370 (Fig. 7). For SQ3370 treatment, mice
were rst injected peritumorally with SQL70 biopolymer, fol-
lowed by 5 daily doses of SQP33 protodrug IV (28.6 mg per kg
per dose Dox eq.). On Day 38 post tumor cell inoculation,
surviving animals in the SQ3370 treatment group received
a second SQL70 injection and an additional 5 day regimen of
SQP33 (11.9 mg per kg per dose Dox eq.). SQ3370 treatment
signicantly slowed tumor growth compared to control
Chem. Sci., 2021, 12, 1259–1271 | 1267



Fig. 7 Antitumor activity of SQ3370 in mice. Two groups of immunocompetent C57BL/6 mice were inoculated SC in the right flank with 5� 105

MC38 tumor cells on Day 0. Treatments started on Day 7 with a 100 mL peritumoral injection of SQL70 biopolymer to both groups, followed by 5
daily doses of saline (n ¼ 5) or SQP33 protodrug at 28.6 mg per kg per dose Dox eq. (n ¼ 10). On Day 38, the remaining animals, which were all
from the SQ3370-treatment group, received a second 100 mL peritumoral injection of SQL70 biopolymer followed by another 5 daily doses of
SQP33 protodrug at 11.9 mg per kg per dose Dox eq. Tumor growth curves (A) show mean � SEM, and curves stopped after 1 or more mice in
that group died or were sacrificedwhen tumor volume reached 2000mm3. Tumor volumes of SQ3370-treatedmicewere significantly smaller (p
< 0.01) as assessed by Welch's t test comparing Day 21 values (the last day all animals were alive in both groups). Kaplan–Meier survival curves (B)
showed a significant improvement (p < 0.01) in overall survival in mice treated with SQ3370 as compared to saline, with median survival being 47
and 31 days respectively. Statistical significance in survival was determined by log-rank (Mantel–Cox) test.
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treatment, as well as prolonged median overall survival to 47
days, compared to 31 days for control treatment. These
preliminary results conrm the antitumor activity of SQ3370.
In-depth results of SQ3370 efficacy in tumor-bearing mice are
being published separately.43
Discussion

We have previously demonstrated the proof-of-concept and
feasibility of the technology in an animal model,24 and subse-
quently showed the enhanced safety and sustained antitumor
responses in a mouse brosarcoma model with a single
tumor.35 Prototypes of the protodrug and biopolymer were used
for these early studies. Since then, we have made signicant
changes to optimize the treatment for clinical use.

Here, hyaluronic acid (HA) was selected as the backbone in
SQL70 biopolymer over alginate3 due to its greater tolerability
and biocompatibility.44 Hyaluronic acid is a ubiquitous, non-
sulfated glycosaminoglycan that is well tolerated in the body,
and has been used clinically in unmodied, crosslinked, and
derivatized form for over ve decades.39 SQL70 biopolymer was
optimized for total tetrazine conjugation, pH and purity.

On the other hand, the TCO moiety of the protodrug was
modied with a polar glycine group to improve its aqueous
solubility. Our previous report used a protodrug lacking
hydrophilic solubilizing groups on the TCO.35 While we were
still able to demonstrate improved efficacy and safety, capping
the amine in Dox with a hydrophobic TCO drastically reduced
the aqueous solubility of the protodrug, limiting the amount of
therapy that can be feasibly administered. To address this issue,
we have developed a strategy to signicantly improve the
aqueous solubility of TCO protodrugs in order to enable higher
dosing in the clinical setting and maximize the benet of the
reduced systemic toxicity of the CAPAC platform. Incorporating
hydrophilic carboxylic acid groups into the TCO moiety was
1268 | Chem. Sci., 2021, 12, 1259–1271
pursued as a way to improve solubility without affecting activity,
as the TCO portion is released from the cytotoxic core upon
activation. Utilizing the TCO group as a heterobifunctional
scaffold proved to be highly versatile, allowing for the incor-
poration of solubilizing groups into each of the four protodrugs
reported herein, overcoming the solubility limitations of not
only the rst-generation hydrophobic TCO, but also enhancing
solubility compared to the parent drugs for Dox, PTX, and ETP.
We expect this modular approach to be readily applicable to
TCO modied drugs beyond the four reported here and would
also allow the incorporation of various solubilizing groups to
further increase the solubility as necessary.

To support the translational usage of CAPAC, specically
SQ3370, in the clinic, we have provided evidence from animal
studies to highlight the safety and effectiveness compared to
existing treatment options. When injected in mice, �50% of
SQL70 of persisted at the subcutaneous injection site aer 14
days. This extended duration enables a single biopolymer
injection to activate multiple protodrug doses in vivo. SQ3370
treatment showed a signicant reduction in toxicity, enabling
doses of 19.1-fold and 10.8-fold the MTD of conventional Dox in
mice and rats, respectively. PK results in rats demonstrate that
the SQP33 protodrug is stable with minimal nonspecic
conversion in the absence of biopolymer, and that the SQL70
biopolymer captures and activates measurable levels of drug for
at least 5 days, as evidenced by plasma analysis. In mice, active
Dox in the local tissue biopolymer injection site was detectable
for at least 7 days aer the last SQP33 protodrug dose and 26
days aer the biopolymer injection, suggesting that CAPAC can
continue to activate drug at the local site for extended periods
following a single biopolymer injection. Preliminary results in
tumor-bearing mice conrm the antitumor activity of SQ3370.

Collectively, our results demonstrate that the CAPAC plat-
form represents a meaningful development in the progress of
click chemistry-based therapeutics, with key advantages
© 2021 The Author(s). Published by the Royal Society of Chemistry
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compared to other reported click-based approaches. Click
chemistry has previously been used as a method for pretarget-
ing, or tagging tumors with chemical handles that can be
recognized and bound to click-reactive probes or therapeutics.
In one general strategy, tumors in mice have been injected
articial azide-modied sugars (N-azidoacetylmannosamine
and related derivatives), resulting in metabolic incorporation of
azides into cell surface glycans, enabling targeting by
cyclooctyne-modied uorescence nanoparticles45 or a cyclo-
octyne conjugated to Dox through an enzymatically cleavable
linker.46 While this work highlights the feasibility of using click
chemistry to target tumors in vivo, it is unclear how metabolic
incorporation of articial sugars would translate clinically.

An alternative to metabolic incorporation is to use tumor-
specic antibodies conjugated to a click handle to pretarget
the tumor. Au and coworkers used azide modied anti-CD20
and anti-Lym1 to pretarget lymphoma tumors in mice, allow-
ing for the delivery of cyclooctyne-nanoparticles containing
a cargo the small molecule antitumor therapeutic BEZ235.47

Although the strategy did result in improved antitumor effec-
tiveness over untargeted nanoparticle BEZ235, pretargeting
with click-antibody conjugates faces practical obstacles for
translational use in the clinic. Despite the high binding
constant of antibodies for their targets, it has been challenging
to incorporate enough click handles at the tumor to enable
meaningful reaction with small molecule probes, even using
TCO–tetrazine chemistry with orders of magnitude higher
reaction kinetics than azide–cyclooctyne couplings.22 The
CAPAC platform overcomes this limitation through injecting
a high density of tetrazine sites conjugated to a biopolymer
which remains at the tumor site for an extended duration.
Additionally, the selectivity of both capture and drug activation
stem directly from the click reaction itself. On the other hand,
variability of enzyme and biomarker expression between
patients, and even between tumor tissue and healthy tissue,
interfere with the selectivity of antibody and enzyme-cleavable
technologies. The CAPAC approach is completely independent
from specic biomarkers or tumor properties, positioning it as
a highly generalizable therapy against a broad array of solid
tumor types.

Conclusions

We have described studies directed at the selection and
preclinical development for targeted activation of systemically
administered anticancer protodrugs using click chemistry. The
CAPAC platform addresses critical limitations of conventional
chemotherapy and targeted delivery approaches. Synthesis and
in vitro evaluation of protodrugs of Dox, PTX, ETP and GCB have
been described. The protodrug of Dox, SQP33, was found to be
83-times less cytotoxic than the parent drug and 7.3-times more
soluble in PBS and was therefore selected as the best candidate
for in vivo testing. SQP33 was found to be stable in plasma and
was efficiently activated by a Tz-modied biopolymer. Aer
injection of SQL70 biopolymer, SD rats tolerated cumulative
SQP33 doses 10.8-times higher than the multi-dose MTD of Dox
HCl, while mice tolerated doses up to 19.1-times the single-dose
© 2021 The Author(s). Published by the Royal Society of Chemistry
MTD of Dox HCl, making SQ3370 treatment notably less toxic
than other clinically tested Dox-based therapeutics. Further-
more, SQ3370 showed signicantly lower Dox exposure to the
heart, thus, signicantly diminishing the biggest limitation of
treatment with conventionalDox HCl, and expanding the drug's
therapeutic potential by allowing remarkably higher doses to be
safely administered. The considerably wider therapeutic
window of SQ3370 has been attributed to the greatly reduced
systemic cytotoxicity of SQP33 protodrug combined with the
ability of SQL70 biopolymer to effectively capture protodrug and
concentrate it at a targeted site, and release active Dox locally –
as shown by PK studies in mice and rats. Moreover, SQL70
biopolymer was shown to remain at the injection site for an
extended duration to activate multiple IV doses of SQP33,
allowing repeated dosing while maintaining a wide therapeutic
window. Furthermore, the protodrug proved stable in vivo, with
minimal nonspecic conversion. Finally, SQ3370 exhibited
antitumor activity in a mouse model. The encouraging results
presented herein have paved way for the clinical development of
SQ3370. A rst-in-human Phase I clinical trial of SQ3370 has
been approved by the FDA and is currently enrolling patients
with advanced solid tumors (http://ClinicalTrials.gov ID:
NCT04106492).
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