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The initial sources of marine-derived compounds that on a small scale exhibited
interesting biological activities, were often confined to collection levels ranging from
<100 grams to a kilogram. Then if significant interest was shown, collections on
a larger scale were made of the nominal source organism. Due to many reasons,
including but not limited to realization of the environmental harm that can occur, and
in some cases, has occurred, over the last 15 plus years, the paradigm moved to
semi-synthesis, total synthesis (sometimes of simpler versions) and the use of genomic
techniques both to identify the “source” and then to utilize the data in due course.
In this short review, examples of how ideas have changed will range from the early
days with the arabinose-containing nucleosides, the sourcing and use of didemnins
and their derivatives, work with bryostatins, ecteinascidins and halichondrins, and then
demonstrate how molecules derived from dolastatins are now used as “warheads.” In
most cases the varying methods used will be discussed, albeit in brief in some cases,
with the aim of demonstrating how various techniques were used to optimize these
compounds and their derivatives. The review finishes with comments as to the current
and future involvement of microbes as sources of these and other agents.

Keywords: arabinose-nucleosides, didemnins, ecteinascidin, bryostatins, halichondrins, dolastatins, synthetic
routes

INTRODUCTION

The aim of this short review is to discuss bioactive compounds from marine organisms, particularly
focusing of the growing evidence that microorganisms associated with marine invertebrates, can
be sources of the compounds isolated from these organisms. In a significant number of cases, such
an involvement has been shown well after the initial reports, and in some cases, well after the
compounds entered clinical trials, usually as putative anti-tumor compounds. These reports have
led to the view that there is a significant probability that a majority of bioactive compounds are
in fact produced by associated microbes, and not solely by the host invertebrate. This may well be
the case with sponges, nudibranchs, tunicates, and some bryozoans, though as will be seen later
under both the ecteinascidin and bryostatin headings, there is a strong probability that a mutually
beneficial synergistic relationship exists between the host and a microbe producing a bioactive
agent. The realization that such microbes, whether currently amenable to fermentation or as yet
uncultured, are a major biosynthetic source of these bioactive agents, opens up the possibility of
a larger scale production by use of suitable biotechnology approaches, aiding to solve the supply
problem, and unravel their full potential.
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THE ARABINOSE-CONTAINING
NUCLEOSIDES

Arabinose containing nucleosides represent perhaps the simplest
class of drug candidates derived from marine sources. These
compounds, basically nucleosides containing arabinose in place
of ribose or deoxyribose in nucleosides, were first described in
the 1950s by Bergmann’s group and include spongothymidine
(Figure 1; 1), spongouridine (Figure 1; 2), and spongosine
(2-methoxyadenosine; Figure 1; 3) from the sponge Tethya
crypta collected in the Caribbean (Bergmann and Feeney, 1950,
1951; Bergmann and Burke, 1955). Early reports of bioactivity
of these compounds include the observation that the uracil
requirement in auxotrophs of Escherichia coli could be met by
feeding them either spongocytidine (which is deaminated to
spongouridine) or by spongouridine (Pizer and Cohen, 1960)
and the potential of Ara-A (Figure 1; 4) as a potential antitumor
agent (Lee et al., 1960). The first publication demonstrating that
Ara-C (Figure 1; 5) had significant biological activity, was the
report by Evans et al. (1961) on the antitumor activity of the
compound. While these initial arabinose substituted nucleosides
have not themselves been developed as drugs, their discovery was
likely source of inspiration for workers at the then Burroughs
Welcome laboratories, that subsequently led to the other sugar
modifications of nucleosides that produced a whole variety of
antiviral drugs, previously reviewed by Suckling (1991).

Initial Synthetic Reports; Spongouridine
and Ara-C (1956–1961)
If one searches the synthetic chemistry literature, Brown
et al. (1956) described the synthesis of spongouridine (3-
β-D-arabofuranosyluracil) from 3′,5′-di-O-acetyluridine via a
series of reactions, including a cyclic phosphorylation step, that
yielded “spongouridine” identical to the material reported by
Bergmann and Burke (1955). Other methods of synthesis of
arabino-nucleosides were then reported by Fox et al., 1957
in (spongothymidine) and by Walwick et al. (1959). It is of
import that this latter paper described the first synthesis of what
subsequently became known as Ara-C (Figure 1; 5) in addition
to spongouridine and spongocytidine. Then Reist et al. (1961)
further reported syntheses of the “spongo” nucleosides. Another
interesting paper in the same time frame, though not in synthetic
chemistry, but what was then known as microbial physiology,

was the report by Pizer and Cohen (1960), that the requirement
for uracil in auxotrophs of Escherichia coli could be met by
feeding them either spongocytidine, which was deaminated to
spongouridine, or by spongouridine itself, thus “a biological
activity” was indirectly shown for such pentoses.

Production of Arabinose-Containing
Nucleosides by Microorganisms
A patent report in 1969 by workers at Parke-Davis demonstrated
fermentative production of Ara-A by the terrestrial microbe,
Streptomyces antibioticus (Davis, 1969). This was followed
15 years later in 1984, by the report by Cimino et al. (1984)
of the isolation of both Ara-A, which as mentioned above had
previously been reported as a synthetic material by Lee et al.
(1960) and spongouridine from the Mediterranean gorgonian
coral, Eunicella cavolini. Finally in 2015, the Gerwick group at the
Scripps Institute of Oceanography, reported the isolation from
a fresh collection of the Caribbean sponge used by Bergmann
55 plus years earlier, of a Vibrio harveyi bacterial strain that
when fermented, produced spongosine (Figure 1; 3) plus other
nucleosides (Bertin et al., 2015). Thus the possibility exists that
most, if not all of the nucleosides reported from this sponge
species were produced by microbial endophytes of the sponge,
is a reasonable assumption.

DIDEMNINS AND ASSOCIATED
COMPOUNDS

The depsipeptide, didemnin B (Figure 2; 6) was the first
“direct from the sea” compound to go into clinical trials against
cancer. It was one of a series of related compounds originally
reported in 1981 that were isolated from the Caribbean tunicate
Trididemnum solidum by Rinehart et al. (1981a,b). This was
the first complex marine-derived compound requiring significant
synthetic work in order to obtain enough material to perform
preclinical and then clinical trials. Although none were initially
suitable for the required scale, a variety of total syntheses were
published relatively soon after these initial reports of activity.

The first synthesis was by the Rinehart et al. (1987). Three
years later in 1990, the Joullie group at the University of
Pennsylvania published their variation (Li et al., 1990). A paper
in 1996 from the Rinehart group extended the initial biological
information and gave the first significant details of the structure

FIGURE 1 | Nucleoside derivatives from marine sources.
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FIGURE 2 | Didemnin B and derivatives.

activity relationships amongst the didemnin series (Sakai et al.,
1996). In addition to these earlier syntheses, this class of
compounds was and is still of interest to synthetic chemists, as has
been shown by the publications that were extensively reviewed by
the Joullie group in 2002 (Vera and Joullie, 2002) and 2012 (Lee
et al., 2012).

Clinical Fate of Didemnin B (and Future
Potential?)
Didemnin B was pulled from clinical trials early in Phase II
studies due to its significant toxicity, which with hindsight, might
have been partially or totally due to the methodology used in
those days [viz: single bolus dose at or close to the maximum
tolerated level (MTD) in man]. On a more positive note for these
agents, Potts et al. (2015) reported a potential pharmacogenomic
method, using biomarkers from patients, that might be capable
of identifying patients who might respond positively to treatment
by this agent. To date, however, no further clinical work has been
reported.

Dehydrodidemnin B (DDB or Aplidine)
Interestingly, the 1996 paper by Sakai et al. (1996) did not
cover in any significant detail, a very simple modification of
didemnin B, one where the pendant lactyl group was replaced by a
pyruvyl group, yielding the molecule known as dehydrodidemnin
B or aplidine (Figure 2; 7). There was mention “en passant,”
in the paper, but only as a listing to a reference covering
a 1991 patent (Rinehart and Lithgow-Bertelloni, 1991). That
patent mentioned its isolation from the Mediterranean tunicate
Aplidium albicans with the Spanish company PharmaMar being
the ultimate assignee.

This compound entered preclinical trials under the aegis of
PharmaMar (Rinehart was involved with this company from its
start in 1988), with a synthesis of dehydrodidemnin B (DDB)
reported in 1997 by a group from the University of Barcelona.
Their strategy involved synthesis of didemnin A (Figure 2; 8),
followed by production of DDB in an overall yield of 27% (Jou
et al., 1997). Though not formally reported as such, this was
probably the method used by PharmaMar for production of this
agent for preclinical and clinical trials. The initial effects on
mammalian cells of this agent were reported by Urdiales et al.
(1996). In 2017, a review covering this compound (also known as
Plitidepsin R©) was published by Alonso-Álvarez et al. (2017) but

in March of 2018, the European Medicines Agency (EMA; the
EU equivalent to the US FDA) further denied approval of this
agent as a treatment for multiple myeloma, by rejecting an appeal
by PharmaMar of the 2017 EMA decision not to recommend
approval (data from the PharmaMar web site/press release). As of
the date of the submission of this review, it is currently in Phase
II trials as a treatment for T-cell lymphoma.

Microbial Production of Didemnin B
In 2011, Japanese investigators reported that a free-living marine
microbe isolated from Japanese waters, produced didemnin
B when fermented (Tsukimoto et al., 2011). This was very
surprising, as up until then, no involvement of microbes in
the production of these agents had been mentioned, either in
the scientific press or at scientific meetings. That this finding
was not an isolated incident, was shown the following year,
when investigators from Hong Kong, working with free-living
microbes of the same genus, but isolated from the Red Sea in
collaboration with microbiologists from Saudi Arabia, reported
their findings. Following extensive cooperation with groups at
the Scripps Institution of Oceanography and the University
of California, San Diego, they demonstrated the complete
previously proposed biosynthesis cycle for didemnin B, by very
clever use of laser desorption mass spectroscopy on microscope
plates containing the growing organism (Xu et al., 2012). What
is quite interesting is that there have been no reports to date, on
any work demonstrating that aplidine (DDB) is also produced by
a microbe. Since the only difference is in the pendant prolyl-lactyl
group, it is quite possible that such a finding may be reported in
due course.

Although it took 30 years from the initial report by
the Rinehart laboratory on the didemnins until the “actual”
producer was identified, now that it is known, and the
proposed biosynthetic pathways identified, the future of these
depsipeptides as drug entities is not yet fully resolved. Whether
or not didemnin B will again be a viable candidate (see heading
above), perhaps produced by fermentative processes, rather than
total synthesis, is not yet known. Also, from an ecological
aspect, the following interesting questions still need to be
answered. Does the tunicate also contain a microbe that produces
the didemnin(s); or does it sequester the product from free-
living microorganisms, or can the tunicate produce the other
didemnin molecules with, or without, any other microbial or host
involvement.

BRYOSTATINS AND DERIVATIVES

These complex molecules are “temporal contemporaries” of the
didemnins, with an indirect report of bryostatin 3 in 1970 (Pettit
et al., 1970) and then a more thorough report in 1982 by the
Pettit group at Arizona State University, of their isolation and
identification of bryostatin 1 (Figure 3; 9) from the fouling
bryozoan Bugula neritina (Pettit et al., 1982). Though more than
20 variations on the base structure have been reported over the
subsequent years since that 1982 paper, only bryostatin 1 entered
any clinical trial.
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FIGURE 3 | Bryostatin 1 and derivatives.

Since the early 1990s, more than 80 clinical trials involving
bryostatin 1, ranging from Phases I to II, have been either
completed or stopped in man. A major reason for stopping most
of the trials, aside from a lack of activity, or other problems found
in some studies when combined with other cytotoxic agents, was
the rapid onset of severe myalgia in many of the participants.
Initially this was thought to be due to the dosing regimen, which
as mentioned in the context of the early didemnin B trials referred
to above, was a single bolus dose at the MTD. However, even
using lower doses and/or spreading out the infusions with time,
trials as an antitumor agent have ceased. A listing of the published
clinical trials and results from 1993 to 2003 was published in a
book chapter by Newman (2005) with an extension to 2010 again
published as a book chapter in 2012 (Newman, 2012).

The two chapters just referred to, (Newman, 2005, 2012)
in addition to a chapter published in 2016, (Newman and
Cragg, 2016) cover the story of bryostatin 1 (and some of
the other related compounds) from the aspect of obtaining
enough material for clinical trials. These included very large-scale

collections undertaken by the US National Cancer Institute
(NCI, the largest Institute within the US Government’s National
Institutes of Health), that yielded 18 g of cGMP bryostatin 1
from 13000 k of B. neritina collected in waters off California
(Schaufelberger et al., 1991). This initial work was then followed
by NCI-funded production using both in sea and on land
aquaculture techniques as further large-scale collections were not
feasible. The possibilities and problems associated with these
techniques were later published by the NCI-funded scientist,
Mendola, in the early 2000s (Mendola, 2000, 2003).

Chemical Syntheses of Bryostatins and
Structural Variations
Though there have been significant numbers of synthetic
strategies published over the last 25 plus years by many authors,
of both bryostatins and their “truncated” variants, the best
“compendium” of syntheses up through early 2010 was published
by Hale and Manaviazar (2010). In spite of all the work over the
last 25 plus years, no significant synthesis of bryostatin 1, the only
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bryostatin to enter clinical trials, had been published until 2017.
In 2017, the Wender group at Stanford University published a
route to the synthetic production of bryostatin 1 on a gram plus
scale (Wender et al., 2017).

This work should be read in conjunction with two
excellent reviews published by Wender et al. (2014, 2015), that
demonstrated the ability, using modern synthetic techniques, to
produce very active bryostatin variants, with an example being
the third generation analog (Figure 3; 10). As a result of having
readily available bryostatin 1, Wender and collaborators have
now demonstrated that this bryostatin 1 and subtle variations
such as SUW 133 (Figure 3; 11), can release latent HIV from cell
depots in patients (Albert et al., 2017; Marsden et al., 2017).

Is an Uncultured Microbe the “True
Bryostatin Producer?”
Anthoni et al. (1990) suggested from inspection of the structures
of metabolites from bryozoans, that these might have been
produced by a microbe within the organism. Haygood and
Davidson (1997) published evidence demonstrating that the
bryostatins found in B. neritina were possibly produced by an
uncultured microbe. This microbe was identified in the organism
and named as Candidatus Endobugula sertula (Haygood and
Davidson, 1997). Later work by the same authors showed that
there was a spatial (depth) differentiation, even in the same
collection site, as to which bryostatins were found from the
nominally same host organism (Davidson and Haygood, 1999).
This was a very interesting finding, as the bryostatin 1 producers
were below 9 m, whereas the major collection for NCI referred
to earlier, combined B. neritina samples from shallow to deeper
depths, with a majority above 9 m.

Work reported in 2001 from the Haygood group elaborated
further on the biosynthetic mechanisms in the microbe/bryozoan
complex (Davidson et al., 2001). Also of significant import, was
the report by Lopanik et al. (2004) demonstrating that bryostatin
was acting as a defense agent against predators, particularly
at the larval stage, Further work from the Haygood group
(California), the Lopanik group (Carolinas), both cooperating
with the Sherman group (Minnesota/Michigan) identified the
biosynthetic cluster in the microbe, with a publication in 2007
by Sudek et al. (2007). These studies were extended over the next
3 years, with further work reported by Lopanik et al. (2008) and
by Buchholz et al. (2010). Taken together, the full biosynthetic
scheme was identified by using information from the microbial
genes, though the organism was not and still has not been
cultivated.

The Current Status of Bryostatins
It should be emphasized that bryostatin 1 is still one of the most
potent biological agents tested in antitumor clinical trials, and as
mentioned earlier, though the material used in trials sponsored by
the NCI, initially came by isolation from massive shallow-water
collections off the coast of California, such efforts are no longer
necessary. Since synthetic bryostatin 1 and derivatives are now
available on a reasonable scale (Wender et al., 2014, 2015) with
these new synthetic techniques, coupled to the ability to make

modifications easily, then the biological activities of this class
of compounds will definitely increase. As an example, recently
there were reports of activity against HIV virus that has been
“sequestered” in dendritic cells (Albert et al., 2017; Marsden
et al., 2017). To finish this section, although the biosynthetic gene
clusters have been identified, no work has yet been reported on
cloning of these clusters in a surrogate host, and then coupled to
production by fermentation. Thus, use of genetic manipulation
to produce quantities of bryostatin (and biosynthetic precursors)
is still to be demonstrated.

ECTEINASCIDIN 743

In 1969, Sigel et al., reported that the Caribbean tunicate,
Ecteinascidia turbinata exhibited cytotoxic activity against
mammalian cells. This report was often missed as it was initially
an oral presentation at a conference, followed by a paper
(effectively the conference proceedings), published the following
year as a book chapter (Sigel et al., 1970). In 1986, Holt, a graduate
student in the Rinehart laboratory at the University of Illinois-
Champaign, published the initial structural work on these agents
from this source as part of his Ph.D. thesis, and named them
as the ecteinascidins (Holt, 1986). Following up on this initial
report, in 1990, two cooperating groups, the Rinehart laboratory
and the Wright group in Florida, published back to back papers
in the Journal of Organic Chemistry. Both providing details of the
structure of the cytotoxic agent ET743 (Figure 4; 12), and closely
related compounds (Rinehart et al., 1990; Wright et al., 1990).

From inspection of the structure of ET743 (Figure 4; 12) and
related compounds, it was obvious that these compounds
were from the same basic structure as reported for
naphthyridinomycin (Figure 4; 13) and saframycin B
(Figure 4; 14), both originally isolated from terrestrial microbes,
and renieramycin A (Figure 4; 15), which was reported from an
Eastern Pacific sponge source. Details of these base structures
and other related compounds were discussed at length in the
2002 review by Scott and Williams (2002) and significantly
extended in the 2015 review by Le et al. (2015). As a result, one
now had multiple bioactive compounds that must have been
produced by a similar set of biosynthetic clusters, though it was
unknown at the time what the organism or organisms might be,
but microbes were thought to be prime candidates.

ET743 subsequently became the first approved antitumor
drug that came “direct from the sea” under the aegis of the
Spanish company PharmaMar. To obtain enough material for
preclinical and clinical trials up to Phase II, the methods used by
PharmaMar for its production initially involved massive large-
scale collections in the Caribbean and the Mediterranean seas.
The methods then progressed to tunicate aquaculture in seas
and in lakes, which together produced over 100 metric tons
of the tunicate, yielding 100 g of ET743 for clinical trials up
to Phase II (Cuevas and Francesch, 2009). The method used
for later clinical trials, and then production as an approved
drug, was partial synthesis from the marine derived bacterial
product, cyanosafracin B (Figure 4; 16). The story leading to
the production of ET743 has been presented by a number of
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FIGURE 4 | Ecteinascidin 743 and derivatives.

investigators, but the publications of import are those from the
PharmaMar team (Cuevas et al., 2000, 2012; Menchaca et al.,
2003; Cuevas and Francesch, 2009).

Microbial Involvement in ET743
Biosynthesis
There were reports dating from 2003 that the uncultured
bacterium, Candidatus Endoecteinacidia frumentenis
(AY054370), was involved in the production of these molecules.
This organism was found in E. turbinata samples that produced
ET743, whether they were collected in the Caribbean or the
Mediterranean seas (Moss et al., 2003; Parez-Matos et al., 2007).
Using this information, in 2011, the Sherman group at the
University of Michigan were able to identify the “contig” that
encoded the NRPS biosynthetic enzymes involved in the ET743
complex. In addition, they identified the probable producer as the
uncultured microbe Candidatus Endoecteinascidia frumentensis
(Rath et al., 2011). In order to identify these gene cluster(s),
the Sherman group used experimental “suggestions” made
by Piel (2006), to look at the possibility of a microbe being
involved in the actual production of an agent “in situ.” They
then coupled these concepts to knowledge of the organization of

the biosynthetic gene clusters (BCGs) of saframycin A (Li et al.,
2008) and safracin B, (Velasco et al., 2005) as markers to derive
their identification.

Four years later, the Sherman group confirmed their initial
report, (Schofield et al., 2015) and demonstrated that the
producing bacterium, Cand. E. frumentensis, probably represents
a member of a new family of Gammaproteobacteria. In addition,
it has a “streamlined genome” analogous to what has been
reported from other symbiotic microbes (McCutcheon and
Moran, 2012). In those symbionts, most of the genetic machinery
is devoted to production of the complex of compounds, which
in turn acts as a protective agent for the tunicate (Kehr and
Dittmann, 2015). This is similar in principle to what was
described for the putative bryostatin producers described above.

HALICHONDRIN B AND ERIBULIN

The “modified “half-halichondrin B” molecule now known as
eribulin is the most complex molecule ever directly synthesized as
a drug candidate and may never be equaled as a synthetic drug,
excluding polypeptides for which syntheses are straightforward.
The marine natural product halichondrin B (Figure 5; 17) was
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FIGURE 5 | Halichondrin B and derivatives.

first reported by Hirata and Uemura (1986) from a 600 kg
collection of the Japanese sponge Halichondria okadai, though a
close relative, norhalichondrin A had been reported the previous
year from the same sponge (Uemura et al., 1985). What should
also be noted is that okadaic acid was also produced by the same
sponge, and it is highly probable that some of this very potent
material was co-isolated with the halichondrin.

The Pettit group at Arizona State University, and the
Blunt and Munro group at the University of Canterbury
in New Zealand, later reported the same compound from
different sponge genera collected in different parts of the Pacific
Ocean. Using Pettit-supplied material, NCI reported its excellent
anti-tubulin activity, (Bai et al., 1991) and subsequently, the
compound was chosen for preclinical development in 1992 by
the Developmental Therapeutics Program (DTP) at the NCI.
The initial preclinical development was severely impeded due to
the very limited amounts of compound available from natural
sources, with very low milligram amounts being available.

Large-Scale Sponge Collections and
Work-Up
In order to obtain enough material for initial preclinical work,
NCI funded a 1 metric ton collection of a Lissodendoryx
species from over 100 m depth off South Island, New Zealand.
This multidisciplinary group, composed of chemists, marine
biologists, marine engineers, researchers at the University of
Canterbury together with New Zealand government agencies,
produced 300+ milligrams of pure halichondrin B, minus any
okadaic acid contamination. In order to develop a renewable
resource for the future, during this isolation work, successful
shallow water aquaculture of the sponge was also funded by NCI.
Data from these studies demonstrated that halichondrin B could
be produced by in sea aquaculture at 10 m depth yielding roughly
50% of the amount found in the deep-water samples (Munro
et al., 1999).

Chemical Synthesis of Halichondrin B
Kishi’s group at Harvard, funded by NCI some years before
the 1991 report of tubulin activity (Bai et al., 1991) reported a
total synthesis for halichondrin B in 1992, giving less than 1%
overall yield (Aicher et al., 1992). In 1992, when approval was
given by the then NCI Decision Network Committee to proceed

with preclinical studies on halichondrin B (the author was the
DTP scientist tasked in 1992 with procuring quantities of pure
halichondrin B), NCI did not know that Kishi, in collaboration
with scientists at the Eisai Research Institute (ERI) in Woburn,
MA, United States, demonstrated that the right-hand (macrolide)
half of the molecule (approx MW of 600), retained most of the
potency of the much larger parent compound. This work was
later published as part of US Patent 5436238 in 1995 (Kishi et al.,
1995).

As reported much later, ERI, working very closely with Kishi’s
group, then synthesized over 200 analogs of the truncated form
of halichondrin B (Yu et al., 2012, 2013). Once this was known
by DTP from presentations at the American Association for
Cancer Research (AACR) by both Eisai (analog data) and DTP
(pure halichondrin B data), this led to a collaboration in the
1998–99 timeframe, using the pure New Zealand sourced
material as a control. From these collaborative experiments, DTP
and ERI scientists demonstrated that the modified truncated
macrocyclic ketone, eribulin (E7389; Figure 5; 18), was a
molecule that had greater in vivo stability, possessed comparable
bioactivity to, and lower toxicity in vivo than halichondrin B. This
work was not published as a single document but was presented
as posters and oral presentations at AACR meetings, with a precis
on the NCI/DTP web page at the URL https://dtp.cancer.gov/
timeline/flash/success_stories/s4_halichondrinb.htm. A decision
was then made in 2000 by NCI to further develop eribulin as a
potential antitumor drug in conjunction with Eisai/ERI.

Between 2006 and 2011, reports that included biological
activities, the probable site(s) of interaction (Dabydeen et al.,
2006; Bai et al., 2011) and an initial review of the basic chemistry
involved (Jackson et al., 2009) were published. However, the most
important publications were three papers in 2013 from the Eisai
process chemistry group, covering the methods used on a large
scale under cGMP conditions (Chase et al., 2013; Austad et al.,
2013a,b). These should be consulted for further information by
interested readers, as they demonstrate the power of very clever
synthetic chemistry to produce a viable antitumor agent.

Microbial Involvement in Halichondrin
Biosynthesis
To date, no publications have surfaced that implicate any
organism other than the host sponge in the production of
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this class of compounds in the marine environment. However,
inspection of the basic structure(s) coupled to the presence of
okadaic acid in the original sponge, suggests that dinoflagellates
might be a possible source of compounds such as the
halichondrins, but no hard evidence has been published. What
is of interest, however, is that in the original paper by Hirata and
Uemura (1986) they remarked upon the large number and variety
of single-celled organisms found with the sponge.

DOLASTATIN DERIVATIVES AS
“WARHEADS”

Monoclonal Antibodies-Natural Product
Conjugates as Antitumor Drug
Candidates
As found the case of dolastatin 10, when used as drug entities,
some natural products, either “as is” or “slightly modified,”
frequently resulted in toxicity due to their exquisite potencies,
but usually low solubility in aqueous solutions. This was due
to inadequate delivery to the required site of activity within the
human body, coupled to less specific undesired interactions with
other cellular processes. One potential method of overcoming

(ameliorating) this problem, that has now come to the fore,
is to utilize a combination of the “directional capability of
monoclonal antibodies (mAbs)” and the innate activity of a
very potent natural product. Early attempts coupled microbial
toxins to mAbs, but today, relatively simple compounds (at least
in comparison) based on natural products, or subtle chemical
modifications thereof are used as the warhead.

Though not marine-sourced, the first ADC approved by the
FDA in 2000 (Mylotarg R©) used a modified calicheamicin (sourced
from a terrestrial microbe) as the warhead. This was subsequently
withdrawn in the United States, though still used in Japan. The
next non-marine construct to be approved in 2013, was the anti-
breast cancer ADC Kadcyla R©, though it used the nominal plant-
sourced compound, maytansine as the warhead. Maytansine is
now known to be microbial in origin as it originates from an
endophyte interaction in the roots of the plant (Kusari et al.,
2014). In 2017, a new calicheamicin construct (Besponsa R©) was
approved by the FDA and Mylotarg R© was reintroduced in the
United States.

From the marine environment, dolastatin 10 (Figure 6; 19)
which was originally isolated from the marine nudibranch
Dolabella auricularia, entered up to Phase II clinical trials as
the basic compound, but was dropped due a combination of
toxicity and lack of efficacy. This agent (and other dolastatins)

FIGURE 6 | Dolastatin 10 and derivatives.
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had to be synthesized due to the very low levels present in the
nominal source, the nudibranch, D. auricularia. Today, however,
it has been proven to be produced by a cyanobacterium of the
genus Symploca that the sea hare consumes as part of its diet.
Even though from a microbial source, the dolastatin-compounds
required are much simpler to synthesize, as they are peptidic in
nature, rather than attempt to modify cyanobacterium-sourced
starting materials which would require significant purification
before use.

Using dolastatin 10’s basic structure, the Seattle Genetics
group produced the linear peptides now known as monomethyl
auristatin E (MMAE; Figure 6; 20), and monomethyl auristatin F
(MMAF; Figure 6; 21) as warhead candidates. In 2011 the FDA
approved the first marine-based ADC Adcetris R© (Brentuximab
vedotin, Figure 6; 22) and an excellent description of its
development was published in 2012 by the Seattle Genetics
inventors (Senter and Sievers, 2012). As a result, even compounds
that had been effectively discarded as single agents many years
ago, now have a new lease on life as ADC warheads. The relevant
details and discussion of most of the then current marine-based
warheads were given in a review by Newman and Cragg (2017).
Further coverage of these and other “warhead sources,” was
discussed the same year in a review by Beck et al. (2017).

Of the six ADCs that are currently in Phase III trials against
cancer, two, Polatuzumab vedotin and Enfortumab vedotin, use
monomethyl auristatin E (MMAE). The third, Depatuxizumab
mafodotin) uses monomethyl auristatin F (MMAF). The other
three constructs at Phase III, use materials originally from
terrestrial microbes. Of the 20 constructs currently in Phase II
trials, six can be identified as using vedotins or variations thereof.
Moving to those in Phase I and Phase I/II trials, one uses eribulin
(Figure 5; 18) and others use a variety of agents based upon other
variants of the dolastatin/vedotin structures. As they move into
higher phases of clinical trials, more details should be available.

CLOSING COMMENTS

In this short review, it has hopefully become obvious that the
development of a pharmaceutical agent from marine sources
is a very long process, involving marine biologists, natural
product isolation chemists, microbiologists, pharmacologists,
and very competent process chemists, all working in harmony.
Although one may initially isolate a few milligrams of an agent
from the marine source, currently, even with the advances
in genomics and biotechnology, fermentative production on

a large enough scale for drug development of the final
desired product, is rare. However, as was shown above, in
the case of Ecteinascidin 743, semi-synthesis from a marine-
sourced bacterium is feasible. In some situations that involve
cyanobacteria, however, direct fermentation of axenic cultures
may provide reasonable quantities of material, allowing for
significant progress to be achieved, but currently this has not
proved to be the case for any drug candidate still in clinical
trials.

From the perspective of utilization of genomic information,
it is only relatively recently that the potential influence of
“yet uncultured microbes” has been shown. Though not
utilizing genetic data from complete genomes of yet uncultured
microbes, the work by the Brady laboratory on recovery of
soil metagenomic information and subsequent production in
heterologous hosts should be noted at this stage (Chang and
Brady, 2011; Katz et al., 2016).

From the aspect of working with the complete genome
expressed from an as yet uncultured microbe, the seminal work
from the Piel group demonstrating that the true source(s) of
significant numbers of the cytotoxic agents discovered from
Theonella swinhoei Y, was an uncultured bacterium, was a major
advance in the field (Wilson et al., 2014). Further developments
may lead to the ability to utilize genetic manipulation techniques
to “recover” agents encoded in the genome of currently
uncultured marine microbes using complete sequences as found
by the Piel group. The aim then would be to have these genetic
elements expressed in heterologous hosts, but to date, this has not
been reported. However, the following papers, all from the Piel
group (from 2013 to 2018) give an idea of where this field may be
headed in the near future (Wilson and Piel, 2013; Freeman et al.,
2016, 2017; Mori et al., 2018; Morinaka et al., 2018).

Finally three publications of interest that should be consulted,
as they further demonstrate the potential for use of genomic
information from as yet uncultured microbes, as distinct from
genetic clusters from soil metagenomes, are a recent chapter by
the Piel group, (Bhushan et al., 2017) the review by Blockley
et al. (2017), on symbiotic microbes and their host interactions,
and finally the review by Morita and Schmidt covering “parallel
lives between host and symbiont microbes” (Morita and Schmidt,
2018).
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