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ABSTRACT: Solid phase synthesis allowed the rapid generation of a peptide-drug conjugate. A peptide
targeting the Thomsen-Friedenreich antigen (TFa) was conjugated to the alkylating subunit of the potent

cytotoxin duocarmycin SA. The compound, containing a cathepsin B cleavable linker, was shown to be active
and selective against TFa expressing tumour cell lines.

INTRODUCTION: Antibody drug conjugates (ADCs) currently
dominate the targeted therapeutic landscape with seven
approved therapies and over sixty others in clinical trials.® This
approach does have some significant drawbacks, including ,
possibility of immunogenicity, and poor tumour penetration.?
Peptide drug conjugates (PDCs) offer solutions to some of these
drawbacks. PDCs combine the cytotoxic activity of a drug
payload with the targeting ability of a specific peptide
sequence. Due to the smaller size of peptides, penetration into
solid tumours is improved.> The design, synthesis and
characterisation of peptides is relatively straightforward.
Methodologies to generate peptides are well established and
automated systems have been developed. The coupling of drug
molecules to peptides allows for complete control over the drug
ratio and full structural characterisation. Additionally, peptides
can be readily modified to provide the desired characteristics,
such as added functionality, or imparting improved
physiochemical properties.2 As in ADC systems, linker
technologies between the cytotoxic drug and the peptide can
be employed to allow for efficient release of the payload at the
desired site of action whilst ensuring stability during circulation.
PDCs have shown success when deploying doxorubicin,®
daunomycin® and kinase inhibitors,® utilising CD13 and HER2
targeting peptides, improving specificity and solubility issues
previously seen with these payloads.

The cancer phenotype is commonly associated with aberrant
glycosylation patterns. One glycan that is directly linked to
cancer is the Thomsen-Friedenreich antigen (TFa or CD176).7/8 It
is a disaccharide composed of a galactose (1-3 N-
acetylgalactosamine, O-linked to a glycoprotein through serine
or threonine residues and commonly written as GalB1-3GalNAc-
a-O-Ser/Thr. The TFa is therapeutically attractive due to its
cryptic nature in normal cells and exposure in embryonic and
cancer cells.? The expression of the TFa has been demonstrated
in 90% of primary human carcinomas, including in the lung, the
breast and the pancreas.’%1! Additionally, cancer initiating cells
or cancer stem cells in the lung, liver and colon express the
TFa.12 The peptide sequence HGRFILPWWYAFSPS (TFa -peptide)
is known to bind tightly to the TFa (Ky = 1.2 uM) and has been
demonstrated to inhibit processes directly involved in TFa
accessibility.13

As a payload for PDCs (and ADCs), analogues of the
duocarmycins are attractive. Duocarmycin SA and yatakemycin
(Figure 1) rank amongst the most potent natural cytotoxins
discovered.!*1> The cyclopropyl and prodrug seco forms are
both naturally occurring and equipotent in most circumstances
(Figure 1).2¢ Studies of the binding-driven bonding model of
their interaction with DNA suggest that their utility will be
enhanced when targeted to tumour cells.1718 |n fact, SYD985,
an ADC that utilises a peptide linker for a duocarmycin analogue
to trastuzumab and has recently been progressed to phase Il
clinical trial.1®

We previously reported the preparation of a molecule that
enables the use of the alkylating unit of duocarmycin SA
(termed DSA) in solid phase peptide synthesis (SPPS), referred
to as Fmoc-DSA(OBnN)-OH.2%21 We demonstrated the use of this
uncyclised seco-DSA unit in SPPS, allowing incorporation into
the backbone of a peptide and, by extension, this approach
allows the incorporation of the amino acid structure of the DSA
alkylation subunit into any defined PDC structure. We report

here a PDC targeting DSA to the TFa.
N\,
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Figure 1. Structures of the natural duocarmycin SA and yatakemycin, and the
solid phase equipped alkylating unit Fmoc-DSA(OBn)-OH.
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Scheme 1. Solid phase peptide synthesis of peptide-drug conjugate 3. Schematic of PDC design. Cathepsin B cleavage occurs at PABA and Cit amide to release green payload.

RESULTS AND DISCUSSION: The design of our peptide-drug
conjugate aimed to fully exploit the ability to be prepared on
the solid phase. Previous work has shown that substitution on
the C-terminus of DSA results in a loss of activity, and that a
neutral C terminus is required.?’ Therefore, rink amide was
chosen for the resin and Fmoc-DSA(OBn)-OH was loaded
directly onto the resin, allowing for the production of a terminal
amide. Studies of drug conjugate generation often debate “non-
cleavable” versus “cleavable” linkers. The former case relies on
the breakdown of the peptide structure by non-specific
proteases whereas, in the latter scenario, linkers are designed
to be cleaved by selective enzymes. A review of the literature
highlights that in the case of duocarmycin payloads the
cleavable sequences are superior.22 As such, we employed the
well-established?123 cathepsin B cleavable sequence Val-Cit,%*
possibly adding secondary targeting, with cathepsin B
overexpressed in cancer cell lines.?> This cleavable sequence is
often associated with a spacing unit. We selected the para-
aminobenzoic acid (PABA) unit for its simple incorporation in
Fmoc solid phase chemistry and its ability to improve the DNA
binding, and therefore efficacy, of both enantiomers of DSA.26
Accordingly, we employed the racemic Fmoc-DSA(OBnN)-OH for
ease of preparation with minimal reduction in potency. Work by
us?728 and others?®3° suggests that lectins and conjugated
lectins undergo receptor mediated endocytosis when bound to
the TFa. We hoped to exploit this mechanism in the delivery of the
PDC.

The payload of the peptide drug conjugate (Fmoc-DSA(OBn)-
OH) was prepared as reported previously,?° and utilised with
SPPS to generate duocarmycin- TFa -peptide PDC 3 (Scheme 1).
Fmoc protected NovaPEG rink amide resin was first deprotected
with 20% piperidine in DMF for 10 mins twice, followed by
coupling with 1.5 eq. Fmoc-DSA(OBn)-OH using HOBt, HBTU and

DIPEA overnight. Subsequently, Fmoc-PABA-OH was added,
moving through the sequence to Fmoc-His(Trt)-OH. The final
amino acid was Fmoc deprotected and acetylated. The peptide
was removed from resin with trifluoroacetic acid mediated
cleavage and purification was achieved by RP-HPLC.
Deprotection of the phenol to release the active duocarmycin
warhead was achieved by transfer hydrogenation, utilising
palladium on carbon and ammonium formate. The cleavage of
the benzyl group in the presence of the extended peptide
proved troublesome, requiring fresh palladium and closely
monitored reaction temperatures and time, often without
reproducible results. Work on new methodology to release the
active payload efficiently and reliably is underway and will be
disclosed in due course.

PDC 3 was evaluated against a panel of cancer cell lines
commonly used in our lab to evaluate the selectivity of the
designed construct. Breast cancer cell lines MCF-7 and SKBR3,
lung cancer cell lines A549 and H292, colorectal carcinoma cells
HCT116, fibrosarcoma cells HT1080 and acute promyelocytic
leukemia cells HL-60 were utilised. The TFa is expressed in 90%
of primary human carcinomas, therefore the non-cancerous
human bronchial epithelial cell line 16HBE14o0 was also
employed as negative control. All cell lines were analysed by
flow cytometry to evaluate the expression of the TFa. Three
cells lines, A549, H292 and 16HBE140, showed no detectable
expression of the TFa (expressed as a value of 1.0 when
comparing fluorescence of the TFa antibody in the presence of
the cells versus the negative control, Table 1). All other cell lines
demonstrated at least a 1.7-fold fluorescence intensity increase
(Table 1). All cell lines were also evaluated for their cathepsin B
activity, using the cathepsin B specific Z-Arg-Arg-7-amido-4-
methylcoumarin (Z-RR-AMC) assay. The cleavage of the Arg-Arg
sequence was compared to the non-cancerous cell line
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16HBE140. The cancerous cell lines demonstrated increased
cathepsin B activity, while cathepsin B activity was not detected
in 16HBE14o0 cell lysates. An MTS ([3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium) cell proliferation assay was used to determine the
efficacy of PDC 3 against cancer cell lines. PDC 3, benzyl
protected control 4, the resulting payload after enzyme
cleavage 5, the resulting peptide after enzyme cleavage 6, and
the analogous PDC without the cleavable sequence 7 (in which
the Val-Cit-PABA sequence is removed between the TFa -
peptide and DSA, Figure 2), were incubated with cell cultures
for 72 hours, followed by

cl
AcHN-HGRFILPWWYAFSPSV-Cit-NH o)
X
\Q\WN NH,
NH
o
OBn 4
cl
H,N o)
X
\©\(N NH,
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o
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6
cl
o)
N \
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Figure 2. Control compounds; benzyl protected control 4, enzyme cleaved payload 5,
enzyme cleaved peptide 6, and cleavable sequence control 7.

treatment with MTS. The results are summarized in table 1. All
cell lines demonstrated sensitivity toward the DSA-PABA
payload 5 in the nanomolar range. The cleaved peptide 6, and
the benzyl protected control peptide 4, had no appreciable
effect on cell proliferation (>100 pM), suggesting any observed
cytotoxic activity is due to the DSA warhead. Interestingly, PDC
7, without the cathepsin B cleavable sequence, also had no
appreciable effect on cell proliferation (>100 pM), despite
possessing the active DSA DNA alkylating moiety. Perhaps this
PDC is either not being taken up into cells or not being broken
down by proteases and peptidases in the cell. In both cases, the
warhead may not be reaching the nucleus, the site of action of
the duocarmycins. Cell lines that demonstrated appreciable
levels of TFa were sensitive to PDC 3. Interestingly, HCT116,
which had relatively high TFa expression and cathepsin B
activity, demonstrated the most sensitivity to PDC 3,
approaching similar potency to the payload 5. Excitingly, A549,
H292 and 16HBE140, which showed no detectable TFa
expression, appeared unaffected by PDC 3 up to 100 uM,
suggesting TFa expression is required for the efficacy of PDC 3.
To provide further evidence that the PDC was targeting the TFa
we employed a competitive binding assay. HCT116 cells (high
TFa expression), MCF-7 cells (moderate TFa expression) and
A549 cells (undetectable TFa expression) were incubated with
and without jacalin, a protein known to tightly bind to the TFa,3!
and then exposed to cytotoxic compounds 3 and 5 (Table 2,
Figure 3). Excitingly, it was observed that in the presence of
jacalin 3 had a reduced efficacy on HCT116 and MCF-7 cells
compared to its activity in the absence of jacalin. MCF-7 cells
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showed a 10-fold reduction in potency and HCT116 showed a
19-fold reduction in ICsq. In A549 cells 3 still showed no effect
on proliferation. Additionally, jacalin had no effect on the
activity of payload 5 in any of the cell lines. As a control bovine
serum albumin (BSA) was used to confirm the change in efficacy
of 3 was not a crowding effect. Pleasingly, the potency of PDC 3
was restored towards the HCT116 and MCF-7 cell lines, and
again, unchanged in the A549 cells. These data are indicative
that the TFa is playing a role in the delivery of the peptide drug
conjugate.

Table 1: ICso results obtained for compounds 3 and 5 to selected cancerous and non-
cancerous cell lines. Errors are 95 % confidence intervals.

Cell Line 3 (nM) 5 (nM) TFa CatB
expression? activity®
MCF-7 864 28 3.4 62
[738; 987] [24; 33]
SKBR3 526 4 2.2 77
[474; 617] [3;5]
A549 >100 pM 39 1.0 96
[28; 62]
H292 >100 pM 9 1.0 59
[7:13]
HCT116 402 57 10.7 95
[328; 502] [39; 78]
HT1080 8266 154 3.4 47
[6796; 10198] [139; 170]
HL-60 1831 33 1.7 64
[927; 2976] [23; 53]
16HBE140 >100 uM 89 1.0 1
[71; 102]

aFold increase in mean fluorescence intensity of Anti- TFOl antibody treated to
negative control (treated/negative). °Fold increase in observed fluorescence of cell
line compared to 16HBE14o0 (cell line/16HBE140).

Table 2: ICsy results obtained for compounds 3 and 5 to selected cancerous and non-
cancerous cell lines in the presence of jacalin or bovine serum albumin (BSA) at 10 uM.
Errors are 95 % confidence intervals

Cell 3 +jacalin ICs 5 +jacalin 3 +BSA 5+ BSA
Line (nM) ratio? (nM) (nM) (nM)

MCF-7 9183 10.6 21 984 21
[7652; 11020] [7; 67] [707; 1370] [3; 137]

A549 >100 uM 1 57 >100 uM 45
[40; 53] [39; 52]

HCT116 7769 19.3 58 376 60
[6156; 9804] [34; 100] [191; 741] [32; 113]

2Fold increase in ICso of 3 + jacalin compared to 3 ((3 + jacalin)/3)
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Figure 3. Competitive binding antiproliferation of MCF-7 cancer cells assay of PDC 3 and
payload 5, without added protein, or in the presence of jacalin or bovine serum albumin
(BSA) at 1 uM. Y-axis is the normalized absorbance at 490 nm after treatment with MTS
for 3 hr. Results are a representative experiment

The targeted delivery of ultra-potent cytotoxins has become a
key element of cancer drug discovery. Incorporating payloads
into peptide chains has proven an excellent way to direct
cytotoxic agents. The duocarmycins, which are ultra-potent
antitumour antibiotics, are yet to be realized as a suitable drug,
despite their unique mode of action. The development of units
suitable for solid phase peptide synthesis, both the alkylating
and DNA binding units, creates a paradigm for the rapid and
economical preparation of conjugates containing
duocarmycins. The Fmoc-DSA(OBnN)-OH unit has demonstrated
great promise when deployed with a Thomsen-Friedenreich
antigen binding peptide, displaying duocarmycin-dependent
cytotoxicity in cancer cell lines. The TFa directing peptide drug
conjugate demonstrated efficacy in cell lines which express the
TFa at nanomolar concentrations and no effect on proliferation
on cells that do not show TFa expression. Importantly, the PDC
demonstrated reduced potency when the TFa was shielded
with the known TFa binding lectin jacalin. The PDC may possess
two-fold targeting, requiring both a cathepsin B cleavable linker
and demonstrating a reliance on the TFa.

CONCLUSION: This work has highlighted the potential for the
use of ultra-potent cytotoxins in solid phase peptide synthesis.
Duocarmycin analogues can be prepared on resin, without the
need for the unmasking of the active compound, allowing the
preparation of increased quantities safely. Late stage liberation
of the active duocarmycin has been demonstrated, just prior to
cellular examination, reducing the handling of ultra-potent
cytotoxins. This payload masking strategy also circumvents the
known potency reduction observed when self immolative
linkers are used to mask the seco-warhead.??> This
demonstration of the Fmoc-DSA(OBn)-OH unit forms an
archetype for the production of antibody-drug, nanoparticle-
drug and peptide-drug conjugates of the duocarmycins.
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