
Tanaka et al. Inflammation and Regeneration           (2022) 42:18  
https://doi.org/10.1186/s41232-022-00207-9

REVIEW

Marine-derived microbes and molecules 
for drug discovery
Yoshimasa Tanaka1* , Megumi Nishikawa2, Kaho Kamisaki2, Saki Hachiya2, Moeka Nakamura2, 
Takahiro Kuwazuru3, Susumu Tanimura2, Kiyoshi Soyano3 and Kohsuke Takeda2 

Abstract 

Increasing attention has been paid to marine-derived biomolecules as sources of therapeutics for autoimmune dis-
eases. Nagasaki Prefecture has many islands and is surrounded by seas, straits, gulfs, bays, and coves, giving it the sec-
ond longest coastline in Japan after Hokkaido. We have collected more than 20,000 marine microbes and have been 
preparing an original marine microbial extract library, which contains small and mid-size biomolecules that may pen-
etrate cell membranes and interfere with the intracellular protein–protein interaction involved in the development 
of autoinflammatory diseases such as familial Mediterranean fever. In addition, we have been developing an indoor 
shark farming system to prepare shark nanobodies that could be developed as potential therapeutic agents for auto-
immune diseases. Sharks produce heavy-chain antibodies, called immunoglobulin new antigen receptors (IgNARs), 
consisting of one variable domain  (VNAR) and five constant domains  (CNAR); of these,  VNAR can recognize a variety of 
foreign antigens. A  VNAR single domain fragment, called a nanobody, can be expressed in Escherichia coli and has the 
properties of an ideal therapeutic candidate for autoimmune diseases. Shark nanobodies contain complementarity-
determining regions that are formed through the somatic rearrangement of variable, diversity, and joining segments, 
with the segment end trimming and the N- and P-additions, as found in the variable domains of mammalian antibod-
ies. The affinity and diversity of shark nanobodies are thus expected to be comparable to those of mammalian anti-
bodies. In addition, shark nanobodies are physically robust and can be prepared inexpensively; as such, they may lead 
to the development of highly specific, stable, effective, and inexpensive biotherapeutics in the future. In this review, 
we first summarize the history of the development of conventional small molecule drugs and monoclonal antibody 
therapeutics for autoimmune diseases, and then introduce our drug discovery system at Nagasaki University, includ-
ing the preparation of an original marine microbial extract library and the development of shark nanobodies.
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Background
The immune system consists of innate immunity and 
adaptive immunity [1]. Innate immune cells, such as 
macrophages and dendritic cells, recognize patho-
gen-associated molecular patterns (PAMPs), includ-
ing lipopolysaccharides, flagellins and double-stranded 

RNAs, as well as damage-associated molecular patterns 
(DAMPs, also known as danger signals or alarmins) that 
initiate noninfectious inflammatory responses. They also 
exhibit cytotoxic activity against transformed cells and 
infected cells. This innate recognition is mediated by 
germ line–encoded, non-clonal immune receptors, such 
as pattern recognition receptors (PRRs) and natural killer 
receptors [2].

Adaptive immune cells undergo gene recombination 
and express a wide variety of antigen-specific receptors 
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on their cell surface or secrete antibodies [3]. Defects in 
the adaptive immune system lead to a variety of auto-
immune diseases, such as rheumatoid arthritis (RA), 
inflammatory bowel disease, multiple sclerosis, neu-
romyelitis optica, and psoriasis, in which the immune 
system, including T cells and antibodies, recognizes self 
rather than non-self antigens [4, 5]. In RA, for instance, 
the adaptive immune system recognizes self antigens 
and secretes mediators that target the synovium, causing 
joint inflammation and pain. To alleviate the symptoms, 
immunosuppressive chemicals and anti-inflammatory 
biologics are prescribed for RA patients.

In recent years, increasing attention has been paid to 
the role of the innate immune system, especially inflam-
masomes, in the development of autoimmune diseases. 
Since protein–protein interaction (PPI) plays an essential 
role in the assembly of inflammasomes in the cytoplasm, 
it is imperative to establish novel strategies to interfere 
with PPI in the innate immune cells in order to develop 
therapeutics against inflammatory diseases. In this 
review, we summarize the development of conventional 
small molecule drugs and biologics for autoimmune dis-
eases and introduce the drug discovery system at Naga-
saki University, focusing on marine-derived microbes 
and molecules as ideal sources for the development of 
novel therapeutics, including mid-size molecule drugs 
and nanobodies.

Main text
Non‑steroidal anti‑inflammatory drugs
RA is an autoimmune and inflammatory disease char-
acterized by pain, swelling, and stiffness in the joints, as 
well as fever, fatigue, and weakness. Humans have suf-
fered from RA for thousands of years, and rheumatic pain 
was one of the most distressing symptoms to be relieved. 
During early human history, decoctions or extracts of 
herbs or plants played an important role in the alleviation 
of pain and fever. It is conceivable that salicylates were 
contained in some decoctions or extracts of herbs, such 
as the bark of willow tree (Salix), bark of poplar (Popu-
plus), and flower of meadowsweet (Spirea). The Ebers 
papyrus is the first record of a therapy harnessing herbal 
decoctions and is approximately 3500 years old [6]—it 
indicated that plant extracts were used as anti-inflam-
matory analgesics and antipyretic in ancient civilizations. 
In ancient Greece (approximately 2400 years ago), Hip-
pocrates recommended the use of the bark of willow tree 
for the relief of rheumatic pain and fever.

In 1763, the first clinical report was published on the 
treatment of pain and fever with willow bark remedies. 
A pharmacologically active ingredient was isolated from 
the bark of the willow tree and named “salicin” between 
1826 and 1829—this laid the foundation for the scientific 

development of anti-inflammatory and antipyretic drugs 
(Supplementary Fig.  1A) [7]. Salicin is an alcoholic 
β-glucoside prodrug and can be hydrolyzed into glucose 
and salicylic alcohol. Salicylic alcohol is further metabo-
lized to salicylic acid, a pharmacologically active form. 
Between 1835 and 1838, the pure form of salicylic acid 
was prepared from salicylaldehyde derived from mead-
owsweet and also salicin from willow bark.

Salicylic acid was chemically synthesized in 1852 and 
acetylsalicylic acid in 1853 [8]. The antipyretic effects of 
synthetic salicylic acid were reported in 1875 and the 
anti-rheumatic fever effect in 1876 [7]. Since salicylic acid 
is bitter and toxic, causing stomach irritation, nausea, 
vomiting, and hearing disorders, acetylsalicylic acid was 
superior to salicylic acid as a therapeutic for rheumatic 
diseases. Felix Hoffmann improved the synthetic pathway 
to acetylsalicylic acid and confirmed a reduced toxicity 
and palatable profile of the derivative in 1897 [9]. Acetyl-
salicylic acid was one of the most widely used drugs in 
the last century and is still on the market under the trade-
mark of “Aspirin” (A for acetyl, spir for Spirsäure, and in 
as a popular suffix for drugs).

Acetylsalicylic acid is a prototype of non-steroidal anti-
inflammatory drugs (NSAIDs) that have analgesic, anti-
pyretic, and anti-inflammatory effects and have been 
used as remedies for the treatment of a variety of symp-
toms, such as autoimmune inflammatory responses. Even 
though the mechanism by which acetylsalicylic acid alle-
viates rheumatic pain and fever had not been elucidated, 
a variety of NSAIDs were synthesized between 1961 and 
1969, including diclofenac, flurbiprofen, ibuprofen, indo-
metacin, ketoprofen, naproxen, piroxicam, and sulindac 
(Supplementary Fig.  1B) [5, 10]. Although the chemical 
structures of NSAIDs are diverse, they share the same 
therapeutic properties as well as side effects, especially 
gastric irritation.

In 1971, Vane and his colleagues demonstrated that 
acetylsalicylic acid as well as other NSAIDs inhibited 
an enzyme involved in the synthesis of prostaglandins, 
now called cyclooxygenase-1 (COX-1). The presence 
of another prostaglandin synthase was first suggested 
in 1972 [11, 12] and a gene encoding cyclooxygenase-2 
(COX-2) was cloned in the early 1990s [13–18]. These 
findings clearly showed that the therapeutic effects of 
NSAIDs are ascribable to the inhibition of prostaglandin 
synthesis.

Whereas COX-1 is constitutively expressed in most 
tissues and is involved in the synthesis of prostaglan-
dins and thromboxane A2 in physiological processes, the 
expression of COX-2 is induced by inflammatory media-
tors [10]. Since conventional NSAIDs inhibit both COX-1 
and COX-2, many physiological processes are inhibited, 
resulting in adverse reactions such as gastrointestinal 
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toxicities. Based on this finding, selective inhibitors of 
COX-2 were screened, designed, and synthesized, lead-
ing to the development of therapeutics specific for tissues 
undergoing inflammation. Representative COX-2 selec-
tive inhibitors include celecoxib, etoricoxib, lumaricoxib, 
parecoxib, rofecoxib, and valdecoxib as shown in Supple-
mentary Fig. 2 [10].

Glucocorticoids
As NSAIDs were developed empirically, glucocorticoids 
were also developed on the basis of empirical evidence 
showing that pregnancy and jaundice had beneficial 
effects on RA. During the study to elucidate the relation-
ship between jaundice/pregnancy and RA, it was also 
found that temporary remissions of RA were frequently 
induced by anesthesia and surgical operation that might 
stimulate the adrenal cortices. Based on these clini-
cal findings, it was conjectured that the adrenal corti-
ces secreted a factor that might alleviate the symptoms 
of rheumatic diseases. Finally, 17-hydroxy-11-dehydro-
corticosterone (a type of glucocorticoid, also known as 
cortisone) was found to be effective for patients with RA 
[19]. Cortisol (also known as hydrocortisone) is released 
from the adrenal cortex in the adrenal gland; cortisone is 
a prodrug of cortisol.

Glucocorticoids are a class of steroid hormones that 
bind to the glucocorticoid receptor and regulate glu-
cose metabolism. In addition, glucocorticoids inhibit the 
proliferation of immune effector cells via the inhibition 
of cell signaling pathways such as AP-1 and NF-κB and 
negatively regulate immune responses. Since it was dif-
ficult to prepare natural glucocorticoids, much effort was 
devoted to the synthesis of glucocorticoid derivatives 
between the 1950s and 1980s. These synthetic glucocorti-
coids include betamethasone, cortisone, dexamethasone, 
methylprednisolone, and prednisone (Supplementary 
Fig.  3). Prednisone is a prodrug and can be converted 
by the enzyme in the liver to prednisolone, a pharma-
cologically active form. Although glucocorticoids are 
highly effective in the treatment of rheumatic diseases, 
they often induce adverse reactions, such as infection, 
gastrointestinal irritation, and bone damage, and the pro-
longed usage of glucocorticoids is not recommended in 
the treatment of RA.

Disease‑modifying anti‑rheumatic drugs
The principal mechanism underlying the usage of glu-
cocorticoids in the treatment of rheumatic diseases 
is suppression of the immune system. Since it was 
demonstrated that methotrexate could suppress the 
immune system, the effect of the compound on pso-
riatic arthritis and RA was examined in the 1960s. As 

expected, methotrexate improved the symptoms of the 
diseases. In addition, the therapeutic could be used for 
a prolonged period, unlike glucocorticoids [20].

Methotrexate is a prototype of disease-modifying 
anti-rheumatic drugs (DMARDs) and inhibits dihy-
drofolate reductase, which is essential for the synthe-
sis of DNA and RNA, resulting in the suppression of 
immune effector cells and pro-inflammatory cytokines. 
The efficacy of methotrexate in the treatment of RA is, 
however, not satisfactory, leading to the synthesis of a 
variety of DMARDs, such as leflunomide, hydroxychlo-
roquine, cyclophosphamide, sulfasalazine, and cyclo-
sporine, as shown in Supplementary Fig. 4.

Since inhibitors of the enzymes involved in DNA and 
RNA synthesis negatively regulate the proliferation and 
function of fast-dividing cells such as lymphocytes, 
leading to immune suppression, a variety of inhibi-
tors were examined to determine if they could be used 
as DMARDs in the treatment of rheumatic diseases. 
Leflunomide is an isoxazole derivative that inhibits the 
dihydroorotate dehydrogenase involved in the conver-
sion of dihydroorotate to orotate coupled with the elec-
tron transfer from quinone to quinol, which is essential 
for both pyrimidine synthesis and the electron transfer 
chain. The compound is a prodrug and metabolized 
into teriflunomide, which is responsible for the inhibi-
tion of NF-κB signaling required for pro-inflammatory 
cytokines, including tumor necrosis factor-α (TNF-α) 
as well as the production of local metalloproteinases 
causing joint destruction [21].

Hydroxychloroquine is a 4-aminoquinoline deriva-
tive that exhibits anti-malarial activity and modulates 
immune responses. This drug is also clinically effective 
in the treatment of patients with RA, although the pre-
cise mechanism for the anti-rheumatic activity has not 
been elucidated yet. It is, however, evident that hydrox-
ychloroquine suppresses activated immune effector 
cells and reduces the production of pro-inflammatory 
cytokines [22].

Cyclophosphamide is an alkylating agent used for the 
treatment of malignancy. Since the drug suppresses 
immune responses, it can be used to treat patients with 
autoimmune diseases. Because of its possible toxicity, 
cyclophosphamide is used for severe autoimmune dis-
eases when conventional DMARDs are ineffective.

Sulfasalazine is metabolized into sulfapyridine and 
5-aminosalicylic acid, which are absorbed in the intes-
tine. Although the precise mechanism of the drug has 
not yet been deciphered, one possible mechanism is 
the inhibition of prostaglandin synthesis, leading to the 
anti-inflammatory effect. It was also suggested that the 
drug inhibits folate-dependent enzymes, resulting in 
the suppression of immune effector cells [23].
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Cyclosporine is an inhibitor of calcineurin and impairs 
the function of effector T cells, leading to the inhibition 
of pro-inflammatory cytokine production [24].

Biologics for autoimmune diseases
Although combinations of conventional small molecule 
drugs, such as NSAIDs, glucocorticoids, and DMARDs, 
are effective in the alleviation of symptoms of autoim-
mune diseases such as RA and psoriasis; the diseases are 
progressive and are generally associated with a reduced 
quality of life and loss of work capacity that places a 
substantial burden on patients as well as healthcare sys-
tems. An improved understanding of the pathogenesis of 
autoimmune diseases and advances in molecular biology 
techniques, however, led to the development of biologics 
such as chimera proteins and monoclonal antibodies.

Since TNF-α plays an essential role in the onset of 
inflammatory symptoms in autoimmune diseases, anti-
TNF-α therapies targeting the interaction between 
TNF-α and TNF-α receptors 1 (TNFR1) and 2 (TNFR2) 
are attractive measures to treat patients [25]. When it 
comes to the interaction between conventional small 

molecule drugs and their receptors, it is relatively easy to 
interfere with the ligand binding by small molecule inhib-
itors, since areas of interaction between the ligands and 
their receptors are relatively small [26]. In contrast, the 
TNF-α/TNFR complex has a significantly larger buried 
surface area than the conventional drug/receptor com-
plex such as the celecoxib/COX-2 complex (Fig. 1) [27–
33]. It is thus necessary to develop bulky inhibitors such 
as chimera receptor proteins and monoclonal antibodies 
for inhibition of the TNF-α/TNFR complex formation.

The first clinically approved anti-TNF-α biologic was 
a chimera or fusion protein consisting of the extracel-
lular domain of TNFR and a constant domain of human 
immunoglobulin G1 (IgG1). Since the extracellular 
domain of TNFR binds to TNF-α, the fusion protein can 
functionally neutralize TNF-α. Subsequently, monoclo-
nal antibodies specific to TNF-α were approved by the 
United States Food and Drug Administration (FDA). 
In the development of infliximab, mouse anti-human 
TNF-α monoclonal antibody was first established and the 
constant domains of the mouse antibody were replaced 
with the corresponding constant domains of human 

Fig. 1 Comparison between the interface of a conventional small molecule drug and its target enzyme and that of a biologic and its receptor. A 
Interaction between celecoxib, a conventional small molecule drug, and COX-2. Since the molecular weights of most conventional drugs are less 
than 500 Dalton, the interfaces between the small molecule drugs and their target proteins are relatively small. B Interaction between TNF-α and 
the extracellular domain of TNFR2. Since TNF-α is a proteinaceous ligand and the interface between TNF-α and one of its receptor TNFR2 is large, 
the inhibitors should be large enough to interfere with the PPI
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antibody. Adalimumab is a human monoclonal antibody 
that specifically binds to TNF-α [34].

In addition to TNF-α, other factors are also involved in 
the pathogenesis of autoimmune diseases. The major tar-
gets of biologics are interleukin-1β (IL-1β)/IL-1 receptor 
(IL-1R), IL-6/IL-6 receptor (IL-6R), and antigen-produc-
ing B cells (plasma cells). Anakinra is a modified human 
IL-1 receptor antagonist protein for the treatment of RA. 
Canakinumab is a human monoclonal antibody specific 
for IL-1β and is used for autoinflammatory diseases such 
as cryopyrin-associated periodic syndrome and Still’s 
disease. Rilonacept is a chimera protein consisting of the 
IL-1β-binding domains of the IL-1R subunits (IL-1R1 
and IL-1R accessory protein) and the fragment-crystalliz-
able domain (Fc) of human IgG1, which specifically binds 
IL-1 [35].

Since IL-6 is a mediator of fever and acute-phase 
responses, the blockade of IL-6/IL-6R alleviates the 
symptoms in autoimmune diseases. Tocilizumab is a 
humanized anti-IL-6R monoclonal antibody and is used 
for the treatment of RA in combination with methotrex-
ate. When RA patients are unresponsive to anti-TNF-α 
therapies and DMARDs, B cell depletion is sometimes 
beneficial. Rituxan is a chimeric monoclonal antibody 
specific for cluster of differentiation 20 (CD20) expressed 
on B cells and can efficiently eliminate B cells through the 
induction of apoptosis mediated by antibody-dependent 
cellular cytotoxicity and complement-dependent cyto-
toxicity [35].

Inflammasomes
The innate immune system is involved in the first line 
of defense against infections and sterile insults through 
the recognition of PAMPs and DAMPs by PRRs [36]. 
PRR sensing leads to the formation of protein complexes 
called inflammasomes, including nucleotide-binding 
domain, leucine-rich repeat-containing receptor (NLR) 
or nucleotide-binding oligomerization domain-like 
(NOD-like) receptor (NLR) family pyrin domain contain-
ing 1 (NLRP1), NLRP3, NLR family caspase activation, 
and recruitment domain (CARD)-containing protein 4 
(NLRC4), absent in melanoma 2 (AIM2) and pyrin. The 
inflammasomes are composed of a sensor, apoptosis-
associated speck-like protein containing a CARD (ASC), 
and caspase-1. When the inflammasomes are assem-
bled, caspase-1 is activated, resulting in the conversion 
of pro-IL-1β and pro-IL-18 to mature IL-1β and IL-18. 
In addition, the activated caspase-1 cleaves gasdermin D 
and the N-terminal domain of gasdermin D forms oligo-
meric pores in the membrane, which allows the release of 
mature IL-1β and IL-18 [37].

Since the inflammasomes are sensors that normally rec-
ognize infections and sterile insults, the release of IL-1β 

and IL-18 contributes to the first line of defense and is 
beneficial to our health [38]. However, gain-of-function 
mutation in the inflammasomes can lead to autoinflam-
matory diseases. Pyrin is encoded by the MEFV gene and 
a sensor of bacterial infections, such as Yersinia pestis. 
Gain-of-function mutation in the MEFV gene can lead 
to familial Mediterranean fever (FMF). This monogenic 
autoinflammatory disease is characterized by recurrent 
episodes of fever and overproduction of IL-1β. Since the 
mutation in pyrin results in the formation of the pyrin 
inflammasome complex, it is necessary to disassemble 
the multi-protein complex in the treatment of FMF [39].

In anti-TNF-α therapies, TNF-α is released extracel-
lularly. Intravenously administered anti-TNF-α biologics 
can, therefore, encounter TNF-α molecules and neutral-
ize their effector functions. In contrast, pyrin inflammas-
omes reside in the cytoplasm and intravenously injected 
bulky biologics such as anti-pyrin or anti-ASC monoclo-
nal antibodies do not permeate the cell membranes and 
disassemble the multi-protein complexes. On the con-
trary, conventional synthetic compounds can be internal-
ized into the cells, whereas it is generally difficult for the 
small molecules to interfere with PPI. It is thus impera-
tive to develop mid-size molecules or molecularly engi-
neered nanobodies as next-generation therapeutics for 
the treatment of autoinflammatory diseases such as FMF 
and Still’s disease.

Marine microbes as sources of therapeutics 
for autoimmune diseases
At Nagasaki University, we have been collecting marine 
microbes and preparing an original marine microbial 
extract library in an attempt to discover mid-size thera-
peutics as well as conventional small-size molecules. 
Nagasaki Prefecture is located in the west of Japan and is 
surrounded by seas, bays, and inlets, giving it the second 
longest coastline of all of the Japanese prefectures. It is 
blessed with natural resources, such as marine animals, 
seaweeds, and marine microbes.

Life on Earth may have started in the oceans around 
4 billion years ago [40]. At present, oceans cover almost 
three-quarters of the Earth’s surface and represent 99% 
of the living space by volume, leading to great biodiver-
sity. The number of marine microbes exceeds 3.6 ×  1029 
cells, with a total cellular carbon content of 3 ×  1017 
g, and most of life’s genetic and metabolic diversity is 
derived from microbes [41, 42]. As a result, many natural 
products can elicit a wide spectrum of biological activi-
ties by interacting with a variety of biomolecules, such as 
enzymes and receptors [43].

Natural products have been a major source of thera-
peutic leads over the last 40 years. According to a com-
prehensive review of FDA-approved drugs filed between 
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January 1981 and September 2019, 3.8% of all drugs are 
unaltered natural products, 0.8% are botanical drugs, 
18.9% are natural product derivatives, 3.2% are synthetic 
drugs with a natural product pharmacophore, and 22.5% 
are natural product mimetics, demonstrating that 49.2% 
of all drugs are inexorably linked to natural products [44]. 
Historically, the majority of medicines were decoctions 
or extracts of herbs and plants that were accessible to 
humans. Due to the development of culture systems for 
marine microbes and identification methods, it is now 
possible to systematically collect marine microbes and 
prepare marine microbial extract libraries.

In the development of therapeutics, one of the most 
important things is to find novel backbone structures of 
compounds or biomolecules. It is thus essential to use 
original drug libraries with diverse chemical space and 
molecular weights [45, 46]. Since marine microbes con-
tain a wide variety of biomolecules, including mid-size 
molecules as well as relatively small compounds, it is a 
practical and ideal strategy to develop a system using an 
original marine microbial extract library for the discov-
ery of novel pharmaceutical leads and therapeutic mol-
ecules [47, 48].

In order to efficiently collect marine microbes, we set 
out to isolate marine microbes along the coasts of Naga-
saki Prefecture. Although we initially attempted to isolate 
marine microbes from seawater, the efficiency of micro-
bial colony formation was too low. As such, we collected 
sea animals and isolated marine microbes mainly from 
the alimentary canal. As shown in Fig. 2A–G, many kinds 
of sea animals were collected from the coasts, such as sea 
urchin, crab, lobster, sea cucumber, sea anemone, oyster, 
and shrimp. The alimentary canal samples were streaked 
out onto marine agar and seawater agar plates, which 
were incubated at 26 °C for several days (Fig. 2H). After 
colonies were isolated based on colony morphology and 
pigmentation, the marine microbes were cultured in a 
large scale and their extracts were prepared. Finally, the 
extracts were dispensed into multi-well plates and stored 
at − 30 °C (Fig. 2I and J).

A scheme for the preparation of marine microbial 
extracts is illustrated in Fig.  3. Briefly, marine microbes 
were grown in marine broth or seawater broth in 2 L 
Erlenmeyer flasks at 26 °C for several days (Fig. 3A). To 
the marine microbial culture was added 1/3 volume of 
acetone, which was sonicated for 5 min (Fig.  3B). The 
sonicated samples were filtered through a filter paper 

Fig. 2 Preparation of the marine microbial extract library. Collection of marine animals from the coasts of Nagasaki Prefecture: A sea urchin, B crab, 
C lobster, D sea cucumber, E sea anemone, F oyster, and G shrimp. H Isolation of marine microbes from various marine animals. Samples from a 
variety of marine animals are streaked out onto marine agar plates or seawater plates and marine microbes are isolated. I Preparation of marine 
microbial extracts. The isolated marine microbes are grown in marine broth or seawater broth and the marine microbial extracts are prepared as 
shown in Fig. 3. J Development of a marine microbial extract library. Marine microbial extracts are dissolved in DMSO at a concentration of 10 or 100 
mg/ml and dispensed into 96-well plates
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and the filtrate was subjected to vacuum evaporation to 
remove acetone. To the residue was added 1/2 volume of 
ethyl acetate, and the mixture was shaken in separatory 
funnels for 3 min (Fig. 3C). After the aqueous phase was 
drained (Fig.  3D), the organic phase was collected and 
subjected to vacuum evaporation to remove ethyl acetate. 
Dimethyl sulfoxide was added to the extract to a concen-
tration of 100 mg/ml, which was dispensed into cryovials 
and stored at − 30 °C. The water phase was also concen-
trated and stored as aqueous extract samples.

The resulting marine microbe library should contain a 
wide variety of compounds with novel backbone struc-
tures as well as mid-size biomolecules, such as deriva-
tives of peptides, carbohydrates, lipids, and nucleic acids. 
Over the last 100 years, many laboratories have screened 
extracts of microbes in terrestrial environments for the 
development of therapeutics for inflammatory diseases, 
including autoimmune diseases, autoinflammatory dis-
eases, fever, and pain. In contrast, marine microbial 
extracts have not been extensively explored as a source of 
drug discovery, because access to marine microbe librar-
ies has been difficult due to their scarcity. At Nagasaki 
University, we have been developing a marine microbial 

extract library-based platform for academic drug discov-
ery and are providing our original library for academic 
use. We hope that our original marine microbial extract 
library will be a useful tool for drug discovery in aca-
demia and contribute to the development of therapeutics 
for various autoimmune diseases.

Nanobodies derived from heavy‑chain antibodies
The targets of conventional small molecule drugs are 
proteins that interact with relatively small molecules, 
such as membrane-bound receptors that recognize small 
molecule ligands, and intracellular enzymes that cata-
lyze the reactions involving small metabolites. Since the 
areas of interaction between enzymes/receptors and 
substrates/ligands are relatively small, the inhibitors can 
be small, leading to the successful development of con-
ventional small-molecule drugs. Since humans have 
only approximately 20,000 genes in our genomes, the 
targets of conventional drugs are limited. In fact, a pau-
city of conventional drug targets has been recognized by 
researchers in pharmaceutical companies over the last 
three decades and the development of monoclonal anti-
bodies has been the major pipeline since the mid-1990s. 

Fig. 3 Preparation of marine microbial extracts. A Culture of marine microbes. Isolated marine microbes are grown in marine broth or seawater 
broth in Erlenmeyer flasks at 26 °C. B Sonication of marine microbial culture. Marine microbial culture is treated with acetone and sonicated in a 
water bath. C Extraction of sonicated marine microbial culture with EtOAc. After the acetone is evaporated, EtOAc is added to the marine microbial 
sonicate. The marine microbial sonicate/EtOAc suspension is transferred into a separatory funnel, which is vigorously shaken for 3 min. D Collection 
of EtOAc-extracted samples. After the water-soluble layer is drained, the organic phase is collected, evaporated, and dissolved in DMSO to give a 
final concentration of 10 or 100 mg/ml
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The targets of the current monoclonal antibody thera-
peutics are membrane-bound receptors that recognize 
extracellular soluble ligands, or soluble ligands that are 
recognized by cellular receptors. Since monoclonal anti-
bodies cannot be internalized into cells, their major tar-
gets reside outside of the cells.

For autoinflammatory diseases, the drug targets are 
the PPIs inside the cells, such as the interaction between 
pyrin and ASC. Although hydrophobic small molecules 
can be readily internalized into the cytoplasm, the PPI is 
not efficiently inhibited by such conventional molecules, 
because areas of PPI are too large for the small molecules 
to interfere with the interaction. In contrast, human or 
humanized monoclonal antibodies are too large to be 
internalized into target cells and, therefore, fail to inter-
fere with the intracellular PPI, even though the monoclo-
nal antibodies can efficiently interfere with PPI outside of 
the cells.

As described in the previous section, mid-size marine 
biomolecules are possible candidates, since they might be 
able to permeate cell membranes and interfere with the 
intracellular PPI. In addition, nanobodies, also known 
as single-domain antibodies, are also promising candi-
dates as inhibitors of intracellular PPI, because modified 
nanobodies can be internalized into cells. The molecular 
weights of nanobodies are typically 12 to 15 kDa and are 
larger than mid-size marine biomolecules with a molecu-
lar weight of 1 to 3 kDa, suggesting that PPI inhibition 
by nanobodies is more efficient than that by mid-size bio-
molecules, once the inhibitors are internalized into cells.

Nanobodies are derived from the heavy-chain anti-
bodies of camelids or the immunoglobulin new antigen 
receptors (IgNAR) of cartilaginous fish. The first heavy-
chain antibodies were reported in 1993 [49]. In the late 
1980s, there was a practical course aimed at purifying 
antibodies from human blood sera at the Free Univer-
sity of Brussels in Belgium. Since HIV infection was a 
growing concern in the world at that time, students pre-
ferred to analyze non-human sera. Incidentally, a sample 
of dromedary sera was found in a freezer and examined 
for the existence of antibodies. In addition to antibodies 
of known migration patterns on electrophoreses, they 
found smaller bands of antibody-like proteins. It was 
later found that the dromedary sera contained not only 
conventional antibodies, but also antibodies consisting of 
only two identical heavy chains, now called heavy-chain 
antibodies or heavy chain-only antibodies that lack two 
light chains found in conventional antibodies. Heavy-
chain antibodies were also found in other species of 
camelids, such as Bactrian camels, alpacas, llamas, gua-
nacos, and vicuñas. They are composed of two identical 
heavy chains, each consisting of a variable domain and 
two constant domains [50–52].

The diversity of heavy-chain antibodies is gen-
erated through recombination-activating gene 
(RAG)-mediated V(D)J recombination with terminal 
deoxynucleotidyl transferase (TdT)-mediated junctional 
diversification. They are also modified by activation-
induced cytidine deaminase-catalyzed somatic hyper-
mutation (SHM) [53]. The antigen recognition site 
resides in the single variable domain, which is called the 
variable domain of the heavy chain of the heavy-chain 
antibody  (VHH).  VHH is composed of a single domain 
and the molecular size is small enough to be expressed 
in Escherichia coli. Gene-engineered  VHH is currently 
often called a nanobody.

In conventional antibodies, the antigen recognition 
module is composed of two non-covalently associated 
variable domains; one is a variable domain of the heavy 
chain  (VH) and the other is that of the light chain  (VL) 
[54]. Since the orientation of the two domains defines 
the antigen specificity in the  VH/VL complex, the two 
domains must be tightly interacted, which requires 
large hydrophobic surface areas in the two domains. It 
is of note that hydrophobic surface areas endow pro-
teins with structural instability, making the  VH/VL 
complex unstable. In contrast,  VHH, or nanobody, is a 
single domain protein with no large hydrophobic sur-
face areas, leading to the structurally robust nature 
of nanobodies. In addition, the absence of hydropho-
bic regions contributes to the improved solubility and 
heat stability of nanobodies. Another advantage of 
nanobodies is their small size, which enables them to 
penetrate tissues and cells [55–57]. The addition of cell-
penetrating peptides or hydrophobic chains may fur-
ther increase cell permeability. It may thus be possible 
to develop therapeutic nanobodies that penetrate cells 
and interfere with the PPI. For example, cell-penetrat-
ing nanobodies that can interfere with the interaction 
between pyrin and ASC may be used for the treatment 
of patients with FMF.

Shark nanobodies as therapeutics for autoimmune 
diseases
After the discovery of heavy-chain antibodies in came-
lids in 1993, other species of animals bearing an adap-
tive immune system were examined as to whether or 
not they have heavy-chain antibodies. In 1995, another 
heavy-chain antibody, IgNAR, was discovered in carti-
laginous fish, such as sharks, rays, and skates. IgNAR 
consists of two identical heavy chains, each consisting 
of a variable domain  (VNAR) and five constant domains 
 (C1NAR,  C2NAR,  C3NAR,  C4NAR, and  C5NAR) [58–60]. 
 VNAR is involved in antigen binding, recognition, and 
specificity. In fact, the variable domain is formed 
through the somatic rearrangement of one variable 
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segment, three diversity segments, and one joining seg-
ment. The joining ends are trimmed and further modi-
fied with concurrent N- and P-additions as well as 
antigen-driven SHM.

Since the most ancient adaptive immune system is 
found in cartilaginous fish, including sharks [61, 62], 
the evolutionary distance between human and shark 
immune system-related genes is much greater than that 
between human and camelid immune system-related 
genes, suggesting that high-affinity nanobodies could 
be obtained by immunizing sharks with human-derived 
antigens, when compared to immunizing camelids with 
the same antigens. The evolutionary distance is generally 
considered one of the most important factors for defin-
ing the antigenicity. In addition, the shark  VNAR comple-
mentarity-determining region 3 (CDR3) that is involved 
in antigen recognition is highly variable in size, indicat-
ing that the lengths of shark  VNAR CDR3 can be signifi-
cantly longer than those of mammalian  VH/VL CDR3. 
Because the long CDR3 loops may access recessed 
epitopes that are not recognized by the canonical  VH/
VL CDR3 loops, it might be possible to develop shark 
nanobodies that recognize protein targets that are not 
typically recognized by conventional mammalian mono-
clonal antibodies [63].

Like camelid nanobodies, shark nanobodies are 
structurally stable, since a number of charged and 
hydrophilic amino acid side chains are located on 
the surface of the Ig scaffold and the CDR loops are 
fixed by intra-loop disulfide linkages and hydrogen 
bonds. Taken together, the structural findings show 
that shark-derived nanobodies can be promising 
candidates as therapeutic biomolecules for autoin-
flammatory diseases. In the Institute for East China 
Sea Research of Nagasaki University located on the 
coast line of Nagasaki City, we have established a 
shark farming system to stably provide Japanese bull-
head sharks (nekozame in Japanese; Heterodontus 
japonicas) and cloudy catsharks (torazame in Japa-
nese; Scyliorhinus torazame) to researchers who are 
interested in the development of shark nanobodies 
(Fig. 4A and B). Shark peripheral blood can be drawn 
through a vascular sinus behind the dorsal fin using 
a sterile disposable needle and syringe, from which 
 VNAR genes can be extracted (Fig.  4C). As shown 
in Fig.  4D, IgNARs derived from Japanese bullhead 
sharks and cloudy catsharks consist of two identical 
protein chains, each with  VNAR and  C1NAR–C5NAR. 
After immunization of the sharks with antigens, the 
genes encoding the  VNAR domains can be isolated 

Fig. 4 Preparation of shark nanobodies. A Japanese bullhead shark. Nekozame in Japanese; Heterodontus japonicas. B Cloudy catshark. Torazame 
in Japanese; Scyliorhinus torazame. C Blood collection from a Japanese bullhead shark. Blood is drawn through a vascular sinus behind the dorsal 
fin using a sterile disposable needle and syringe. D Schematic representation of shark Ig new antigen receptor (IgNAR) and shark nanobody. Shark 
IgNAR consists of two identical protein chains each with one variable domain  (VNAR) and five constant domains  (C1NAR–C5NAR)
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from peripheral blood and the  VNAR can be expressed 
in E. coli. We are currently trying to establish a sys-
tem for the expression and refolding of E. coli inclu-
sion bodies at the Center for Medical Innovation of 
Nagasaki University located in downtown Nagasaki 
City. Since it is necessary to immunize sharks several 
times over a period of several months to obtain high-
affinity IgNARs, we are constructing a shark aqua-
culture system at Nagasaki University Hospital. We 
hope that our system for developing shark nanobod-
ies will be used by as many researchers as possible 
and contribute to the development of novel nano-
bodies for the treatment of autoimmune diseases in 
the future.

Conclusions
The development of NSAIDs, glucocorticoids, 
DMARDs, monoclonal antibodies, and their combi-
nation therapies has greatly improved the quality of 
life of a considerable number of patients with autoim-
mune diseases. The targets of the conventional small-
molecule drugs and biologics are generally intracellular 
enzymes or receptors that recognize small-molecule 
substrates or ligands, or membrane-bound receptors or 
extracellular proteinaceous factors. In cases of autoin-
flammatory diseases such as FMF, however, the poten-
tial drug targets should be intracellular PPI, such as the 
interaction between pyrin and ASC. For a novel cate-
gory of targets, a novel class of therapeutics is required. 
If this is the case, shark nanobodies have properties 
that make them candidates as inhibitors of intracellular 
PPI. It is our hope that shark nanobodies will provide 
therapeutic benefits to patients with autoinflammatory 
diseases.

Abbreviations
AIM2: Absent in melanoma 2; ASC: Apoptosis-associated speck-like protein 
containing a CARD; CD20: Cluster of differentiation; CARD: Caspase activa-
tion and recruitment domain; C1NAR: Constant domain 1 of IgNAR; DAMPs: 
Damage-associated molecular patterns; DMARDs: Disease-modifying anti-
rheumatic drugs; Fc: Fragment-crystallizable domain; FDA: Food and Drug 
Administration; FMF: Familial Mediterranean fever; VHH: Heavy-chain antibody 
or heavy chain-only antibody; IgG1: Immunoglobulin G1; IgNAR: Immuno-
globulin new antigen receptor; IL-1: Interleukin-1; NLR: Nucleotide-binding 
domain, leucine-rich repeat-containing receptor, or NOD-like receptor; NLRC4: 
NLR family CARD-containing protein 4; NLRP1: NLR family pyrin domain 
containing 1; NOD: Nucleotide-binding oligomerization domain; NSAIDs: Non-
steroidal anti-inflammatory drugs; PAMPs: Pathogen-associated molecular 
patterns; PRRs: Pattern recognition receptors; PPI: Protein—protein interaction; 
RA: Rheumatoid arthritis; RAG : Recombination-activating gene; SHM: Somatic 
hypermutation; TdT: Terminal deoxynucleotidyl transferase; TNF-α: Tumor 
necrosis factor-α; TNFR: Tumor necrosis factor-α receptor; VH: Variable domain 
of a heavy chain; VL: Variable domain of a light chain; VNAR: Variable domain of 
IgNAR.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s41232- 022- 00207-9.

Additional file 1: Supplementary Fig. 1. Structure of non-steroidal 
anti-inflammatory drugs. (A) Structure of salicin-related compounds. 
Salicin is a water-soluble β-glucoside and is produced in willow bark. 
Salicin is metabolized into salicylic acid, an active form of the willow bark 
decoction or extract. Acetylsalicylic acid is known as Aspirin and is one 
of the most widely used medications for pain, fever, and inflammation. 
(B) Representative non-steroidal anti-inflammatory drugs. Non-steroidal 
anti-inflammatory drugs (NSAIDs) developed in the 1960s inhibit both 
cyclooxygenase-1 (COX-1) and COX-2 and decrease inflammation. Sup‑
plementary Fig. 2. Structure of COX-2 inhibitors. COX-2 selective inhibi-
tors are non-steroidal anti-inflammatory drugs (NSAIDs) that decrease 
inflammation and have reduced risk of adverse gastrointestinal effects. 
Supplementary Fig. 3. Structure of glucocorticoids. Glucocorticoids are 
a class of corticosteroids that bind to the glucocorticoid receptor involved 
in the regulation of glucose metabolism. Glucocorticoids suppress the 
immune system and reduce inflammation. Supplementary Fig. 4. 
Structure of representative disease-modifying anti-rheumatic drugs. 
Disease-modifying anti-rheumatic drugs (DMARDs) comprise a group 
of compounds that alleviate rheumatoid arthritis by slowing down the 
progression of the disease.

Acknowledgements
The authors thank President Shigeru Kohno of Nagasaki University for sup-
porting our project to establish a marine microbe and shark nanobody-based 
platform for drug discovery, and all members of the Center for Medical Inno-
vation, Nagasaki University, and the Laboratory of Cell Regulation, Graduate 
School of Biomedical Sciences, Nagasaki University.

Authors’ contributions
All authors contributed to the writing and revising of the manuscript and 
approved the final version.

Funding
This research was supported by the Presidential Discretionary Fund of Naga-
saki University and by the Platform Project for Supporting Drug Discovery and 
Life Science Research (Basis for Supporting Innovative Drug Discovery and Life 
Science Research (BINDS)) from AMED (Grant Number 20am0101088j0004).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors consent for publication.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Center for Medical Innovation, Nagasaki University, 1-7-1 Sakamoto, 
Nagasaki 852-8588, Japan. 2 Department of Cell Regulation, Graduate School 
of Biomedical Sciences, Nagasaki University, 1-14 Bunkyo-machi, Naga-
saki 852-8521, Japan. 3 Institute for East China Sea Research, Nagasaki Univer-
sity, Bunkyo-machi, Nagasaki 852-8131, Japan. 

Received: 10 October 2020   Accepted: 21 March 2022

https://doi.org/10.1186/s41232-022-00207-9
https://doi.org/10.1186/s41232-022-00207-9


Page 11 of 12Tanaka et al. Inflammation and Regeneration           (2022) 42:18  

References
 1. Janeway CA. How the immune system works to protect the host from 

infection: a personal view. Proc Natl Acad Sci U S A. 2001;98(13):7461–8.
 2. Janeway CA, Medzhitov R. Innate immune recognition. Annu Rev Immu-

nol. 2002;20:197–216.
 3. Tonegawa S, Steinberg C, Dube S, Bernardini A. Evidence for 

somatic generation of antibody diversity. Proc Natl Acad Sci U S A. 
1974;71(10):4027–31.

 4. Bhat R, Steinman L. Innate and adaptive autoimmunity directed to the 
central nervous system. Neuron. 2009;64(1):123–32.

 5. Li P, Zheng Y, Chen X. Drugs for autoimmune inflammatory diseases: 
from small molecule compounds to anti-TNF biologics. Front Pharmacol. 
2017;8:460.

 6. Vane JR. The fight against rheumatism: from willow bark to COX-1 sparing 
drugs. J Physiol Pharmacol. 2000;51(4 Pt 1):573–86.

 7. Hedner T, Everts B. The early clinical history of salicylates in rheumatology 
and pain. Clin Rheumatol. 1998;17(1):17–25.

 8. Mueller RL, Scheidt S. History of drugs for thrombotic disease. Dis-
covery, development, and directions for the future. Circulation. 
1994;89(1):432–49.

 9. Hoffmann W, Förster W. Two years follow-up Cottbus reinfarction study 
with 30 and 60 mg acetylsalicylic acid. Prog Clin Biol Res. 1987;242:393–7.

 10. Antman EM, Bennett JS, Daugherty A, Furberg C, Roberts H, Taubert KA, 
et al. Use of nonsteroidal antiinflammatory drugs: an update for clinicians: 
a scientific statement from the American Heart Association. Circulation. 
2007;115(12):1634–42.

 11. Smith WL, Lands WE. Oxygenation of polyunsaturated fatty acids during 
prostaglandin biosynthesis by sheep vesicular gland. Biochemistry. 
1972;11(17):3276–85.

 12. Flower RJ, Vane JR. Inhibition of prostaglandin synthetase in brain 
explains the anti-pyretic activity of paracetamol (4-acetamidophenol). 
Nature. 1972;240(5381):410–1.

 13. Lysz TW, Needleman P. Evidence for two distinct forms of fatty acid 
cyclooxygenase in brain. J Neurochem. 1982;38(4):1111–7.

 14. Lysz TW, Zweig A, Keeting PE. Examination of mouse and rat tissues for 
evidence of dual forms of the fatty acid cyclooxygenase. Biochem Phar-
macol. 1988;37(5):921–7.

 15. Simmons DL, Levy DB, Yannoni Y, Erikson RL. Identification of a phorbol 
ester-repressible v-src-inducible gene. Proc Natl Acad Sci U S A. 
1989;86(4):1178–82.

 16. Xie WL, Chipman JG, Robertson DL, Erikson RL, Simmons DL. Expres-
sion of a mitogen-responsive gene encoding prostaglandin synthase is 
regulated by mRNA splicing. Proc Natl Acad Sci U S A. 1991;88(7):2692–6.

 17. Kujubu DA, Fletcher BS, Varnum BC, Lim RW, Herschman HR. TIS10, a 
phorbol ester tumor promoter-inducible mRNA from Swiss 3T3 cells, 
encodes a novel prostaglandin synthase/cyclooxygenase homologue. J 
Biol Chem. 1991;266(20):12866–72.

 18. Herschman HR. Prostaglandin synthase 2. Biochim Biophys Acta. 
1996;1299(1):125–40.

 19. Hench PS, Kendall EC, Slocumb CH, Polley HF. The effect of a hormone of 
the adrenal cortex (17-hydroxy-11-dehydrocorticosterone: compound E) 
and of pituitary adrenocortical hormone in arthritis: preliminary report. 
Ann Rheum Dis. 1949;8(2):97–104.

 20. Kersley GD. Amethopterin (methotrexate) in connective tissue disease-
psoriasis and polyarthritis. Ann Rheum Dis. 1968;27(1):64–6.

 21. Laev SS, Salakhutdinov NF. Anti-arthritic agents: progress and potential. 
Bioorg Med Chem. 2015;23(13):3059–80.

 22. Taherian E, Rao A, Malemud CJ, Askari AD. The biological and clinical 
activity of anti-malarial drugs in autoimmune disorders. Curr Rheumatol 
Rev. 2013;9(1):45–62.

 23. Meier FM, Frerix M, Hermann W, Müller-Ladner U. Current immunother-
apy in rheumatoid arthritis. Immunotherapy. 2013;5(9):955–74.

 24. Gabriel SE, Coyle D, Moreland LW. A clinical and economic review 
of disease-modifying antirheumatic drugs. Pharmacoeconomics. 
2001;19(7):715–28.

 25. Feldmann M, Maini RN. Anti-TNF alpha therapy of rheumatoid arthritis: 
what have we learned? Annu Rev Immunol. 2001;19:163–96.

 26. Lucido MJ, Orlando BJ, Vecchio AJ, Malkowski MG. Crystal structure 
of aspirin-acetylated human cyclooxygenase-2: insight into the 
formation of products with reversed stereochemistry. Biochemistry. 
2016;55(8):1226–38.

 27. Eck MJ, Sprang SR. The structure of tumor necrosis factor-alpha 
at 2.6 a resolution. Implications for receptor binding. J Biol Chem. 
1989;264(29):17595–605.

 28. Jones EY, Stuart DI, Walker NP. Structure of tumour necrosis factor. 
Nature. 1989;338(6212):225–8.

 29. Mukai Y, Nakamura T, Yoshikawa M, Yoshioka Y, Tsunoda S, Nakagawa 
S, et al. Solution of the structure of the TNF-TNFR2 complex. Sci Signal. 
2010;3(148):ra83.

 30. Naismith JH, Brandhuber BJ, Devine TQ, Sprang SR. Seeing dou-
ble: crystal structures of the type I TNF receptor. J Mol Recognit. 
1996;9(2):113–7.

 31. Roy U. 3D modeling of tumor necrosis factor receptor and 
tumor necrosis factor-bound receptor systems. Mol Inform. 
2019;38(5):e1800011.

 32. Sedger LM, McDermott MF. TNF and TNF-receptors: from mediators of 
cell death and inflammation to therapeutic giants - past, present and 
future. Cytokine Growth Factor Rev. 2014;25(4):453–72.

 33. Vanamee É, Faustman DL. Structural principles of tumor necrosis factor 
superfamily signaling. Sci Signal. 2018;11(511).

 34. Curtis JR, Singh JA. Use of biologics in rheumatoid arthritis: current and 
emerging paradigms of care. Clin Ther. 2011;33(6):679–707.

 35. Rosman Z, Shoenfeld Y, Zandman-Goddard G. Biologic therapy for auto-
immune diseases: an update. BMC Med. 2013;11:88.

 36. Chauhan D, Vande Walle L, Lamkanfi M. Therapeutic modulation of 
inflammasome pathways. Immunol Rev. 2020;297(1):123–38.

 37. Kanneganti TD. Intracellular innate immune receptors: life inside the cell. 
Immunol Rev. 2020;297(1):5–12.

 38. Harapas CR, Steiner A, Davidson S, Masters SL. An update on autoinflamma-
tory diseases: inflammasomopathies. Curr Rheumatol Rep. 2018;20(7):40.

 39. Malik HS, Bliska JB. The pyrin inflammasome and the Yersinia effector 
interaction. Immunol Rev. 2020;297(1):96–107.

 40. Boeuf G. Marine biodiversity characteristics. C R Biol. 
2011;334(5-6):435–40.

 41. Sogin ML, Morrison HG, Huber JA, Mark Welch D, Huse SM, Neal PR, 
et al. Microbial diversity in the deep sea and the underexplored "rare 
biosphere". Proc Natl Acad Sci U S A. 2006;103(32):12115–20.

 42. Ahmad B, Shah M, Choi S. Oceans as a source of immunotherapy. Mar 
Drugs. 2019;17(5).

 43. Calixto JB. The role of natural products in modern drug discovery. An 
Acad Bras Cienc. 2019;91(Suppl 3):e20190105.

 44. Newman DJ, Cragg GM. Natural products as sources of new drugs 
over the nearly four decades from 01/1981 to 09/2019. J Nat Prod. 
2020;83(3):770–803.

 45. Dobson CM. Chemical space and biology. Nature. 2004;432(7019):824–8.
 46. Chen Y. Garcia de Lomana M, Friedrich NO, Kirchmair J: characterization of 

the chemical space of known and readily obtainable natural products. J 
Chem Inf Model. 2018;58(8):1518–32.

 47. Bugni TS, Richards B, Bhoite L, Cimbora D, Harper MK, Ireland CM. Marine 
natural product libraries for high-throughput screening and rapid drug 
discovery. J Nat Prod. 2008;71(6):1095–8.

 48. Glaser KB, Mayer AM. A renaissance in marine pharmacology: from pre-
clinical curiosity to clinical reality. Biochem Pharmacol. 2009;78(5):440–8.

 49. Hamers-Casterman C, Atarhouch T, Muyldermans S, Robinson G, Hamers 
C, Songa EB, et al. Naturally occurring antibodies devoid of light chains. 
Nature. 1993;363(6428):446–8.

 50. Arbabi-Ghahroudi M. Camelid single-domain antibodies: historical 
perspective and future outlook. Front Immunol. 2017;8:1589.

 51. Ingram JR, Schmidt FI, Ploegh HL. Exploiting nanobodies’ singular traits. 
Annu Rev Immunol. 2018;36:695–715.

 52. Muyldermans S. Nanobodies: natural single-domain antibodies. Annu 
Rev Biochem. 2013;82:775–97.

 53. Deiss TC, Breaux B, Ott JA, Daniel RA, Chen PL, Castro CD, et al. Ancient 
use of Ig variable domains contributes significantly to the TCRδ reper-
toire. J Immunol. 2019;203(5):1265–75.

 54. Bannas P, Hambach J, Koch-Nolte F. Nanobodies and nanobody-based 
human heavy chain antibodies as antitumor therapeutics. Front Immu-
nol. 2017;8:1603.

 55. Steeland S, Vandenbroucke RE, Libert C. Nanobodies as therapeu-
tics: big opportunities for small antibodies. Drug Discov Today. 
2016;21(7):1076–113.



Page 12 of 12Tanaka et al. Inflammation and Regeneration           (2022) 42:18 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 56. Chanier T, Chames P. Nanobody engineering: toward next generation 
immunotherapies and immunoimaging of cancer. Antibodies (Basel). 
2019;8(1).

 57. Harmsen MM, De Haard HJ. Properties, production, and applications of 
camelid single-domain antibody fragments. Appl Microbiol Biotechnol. 
2007;77(1):13–22.

 58. Greenberg AS, Avila D, Hughes M, Hughes A, McKinney EC, Flajnik 
MF. A new antigen receptor gene family that undergoes rear-
rangement and extensive somatic diversification in sharks. Nature. 
1995;374(6518):168–73.

 59. Nuttall SD, Krishnan UV, Hattarki M, De Gori R, Irving RA, Hudson PJ. 
Isolation of the new antigen receptor from wobbegong sharks, and 
use as a scaffold for the display of protein loop libraries. Mol Immunol. 
2001;38(4):313–26.

 60. Streltsov VA, Varghese JN, Carmichael JA, Irving RA, Hudson PJ, Nuttall SD. 
Structural evidence for evolution of shark Ig new antigen receptor vari-
able domain antibodies from a cell-surface receptor. Proc Natl Acad Sci U 
S A. 2004;101(34):12444–9.

 61. Flajnik MF. A cold-blooded view of adaptive immunity. Nat Rev Immunol. 
2018;18(7):438–53.

 62. Feige MJ, Gräwert MA, Marcinowski M, Hennig J, Behnke J, Ausländer 
D, et al. The structural analysis of shark IgNAR antibodies reveals 
evolutionary principles of immunoglobulins. Proc Natl Acad Sci U S A. 
2014;111(22):8155–60.

 63. Matz H, Dooley H. Shark IgNAR-derived binding domains as potential 
diagnostic and therapeutic agents. Dev Comp Immunol. 2019;90:100–7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Marine-derived microbes and molecules for drug discovery
	Abstract 
	Background
	Main text
	Non-steroidal anti-inflammatory drugs
	Glucocorticoids
	Disease-modifying anti-rheumatic drugs
	Biologics for autoimmune diseases
	Inflammasomes
	Marine microbes as sources of therapeutics for autoimmune diseases
	Nanobodies derived from heavy-chain antibodies
	Shark nanobodies as therapeutics for autoimmune diseases

	Conclusions
	Acknowledgements
	References


