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ABSTRACT 

 Multiple sclerosis and asthma account to the most prevalent autoimmune diseases and 

pose major challenges in modern medicine. The lysophospholipid–activated G protein–coupled 

receptor family of sphingosine-1-phosphate receptors are central regulators of the eukaryotic na-

tive as well as adaptive immune system and are heavily involved in the pathogenesis of respective 

autoimmune disorders. Therefore, their sphingolipid substrates have been a key target for immuno-

modulation ever since their function’s discovery. Despite extensive research, a synthetic sphingoid 

derivative – fingolimod – that acts as a competitive receptor expression level downregulator, fea-

turing prolonged prodrug character and undesired receptor promiscuity, remains the prevalent oral 

treatment for severe autoimmune disorders since its introduction in 1998. The design, synthesis 

and medical application of a more bioavailable and synthetically accessible small molecule agent 

with significantly enhanced receptor specificity is therefore of great medicinal interest. 

 Multiple novel sphingolipid–derived analogs of fingolimod have been designed, analyzed 

in silico, synthesized, and evaluated for their bioactivity. The lead compound is a fingolimod de-

rivative – tysiponate – which avoids the drawbacks of prodrug nature and low cellular stability and 

bioavailability the conventional drug on the market features. The compound has been synthesized 

in a conventional, linear fashion, as well as in a novel, racemic yet significantly more atom-eco-

nomical synthetic route which exploits photoredox chemistry recently described by Cresswell and 

coworkers. A purification technique for the target compound in its salt form has been established, 

allowing the separation of the product of interest from other so far inevitable yet difficult to con-

ventionally separable byproducts.  

In the pursuit for a both synthetically feasible and more receptor specific autoimmune mod-

ulator, computational chemistry utilizing in silico molecule design and analysis of prospective 
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drug candidates regarding their affinity to the target receptor has been performed. An array of 

potential sphingolipid analogs has been designed and evaluated for their binding affinity to the 

sphingosine-1-phosphate type 1 receptor, which also poses the target for fingolimod; in silico 

docking simulations of the substrates to the receptor’s available crystal structure, calculating the 

potential energy values of the conformers residing and interacting with the active site of the pro-

tein, gave insight into what functional moieties contribute to positive binding and possible agonism 

and which drug candidates were worth the synthetic pursuit.  

With the findings from the computational experiments and analyses, a novel and quick 

synthesis of a selection of promising small molecule drug candidates has been developed and ex-

ecuted. The overall strategy described follows a “meta drug” approach, as termed in the laboratory 

of Dr. Robin Polt at The University of Arizona; as the synthesis of fully functionalized all–carbon 

systems has proven to be potentially arduous, well established peptide coupling techniques have 

been used to generate a larger amount of amide–linked analogs in a relatively short amount of 

time. These obtained “meta drugs” feature very similar bioactive characteristics as their all–carbon 

counterparts yet are significantly more facile to access synthetically and therefore pose useful can-

didates for initial in vitro screenings. The compounds synthesized then have been subjected to 

electric cell–substrate impedance sensing experiments as agonism on the target receptor causes 

cellular barrier enhancement, resulting in quantitative measurability of the analogs’ potency. Those 

meta drugs that displayed promising effects in vitro have been then used for further derivatization 

to optimize both their receptor affinity as well as specificity. Due to their cellular barrier enhance-

ment characteristic, these drug candidates also can be of interest for treatment of acute lung injury 

and pulmonary endothelial cellular leakage.  
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CHAPTER 1 

AUTOIMMUNE DISORDERS AND PULMONARY CELLULAR INTEGRITY 
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INTRODUCTION 

Autoimmune disorders continue to pose one of the major medical hurdles of our times. 

Multiple sclerosis as well as asthma are two prime examples of chronic conditions not easily rem-

edied; curation has not been achieved up to date.1 Depending on the type and severity of multiple 

sclerosis affecting an individual, regular treatment is often difficult and challenging to steer as 

relapses and spontaneous, rapid flare-ups of the disorder are not easily predicted and even more 

difficult to treat in an adequately timely manner using autoimmune modulators with prolonged, 

often impairing effects on the patient’s immune system.2,3 Despite not reaching the medical se-

vereness of multiple sclerosis, asthma continues to be on a steady rise worldwide due to increasing 

air pollution and the density of human population, especially in industrialized areas of the globe.4 

Therefore, a more accurate treatment for chronic pulmonary conditions also becomes of increasing 

interest. A pulmonary condition being one of the most difficult to treat remains acute lung injury 

and its more severe variant, acute respiratory distress syndrome; the lethality even despite hospi-

talization remains in unacceptably high ranks and conventional treatment including mechanical 

ventilation often leads to worsening of the condition, which even further promotes lethality.5 The 

pathogenesis is primarily based on pulmonary leakage in the respiratory system of the patient.6  

The symptoms of the aforementioned disorders are controlled by the intercellular commu-

nication within the innate and partially also the adaptive immune system; this cellular communi-

cation is largely based on sphingolipids – small membrane molecules omnipresent in all eukary-

otes – that act as transmitter molecules, allowing their corresponding lysophospholipid receptors 

to react upon external as well as internal stimuli.7 Therefore, it is of no surprise that a myriad of 

drug candidates targets respective lysophospholipid receptors through targeted agonism or antag-

onism by artificially mimicking their corresponding sphingoid substrates. The synthesis of these 
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drug molecules ranges from facile to challenging; however, due to the similarity upon high con-

servation of the five known lysophospholipid receptor targets, receptor promiscuity remains a con-

stant problem in nearly all sphingolipid–based drug candidates. Developed and introduced by Yo-

shitomi Pharmaceutical Industries, the sphingosine analog fingolimod, also known as FTY720, 

became the most prescribed, orally administered immunomodulator treatment for relapsing–remit-

ting multiple sclerosis.8 Due to its drawbacks linked to persistent half-life and in vivo degradation 

of its bioactive form, an array of other sphingolipid–based immunomodulating drug candidates 

were synthesized and explored for their efficiency to inhibit lymphocyte egress and targeting of 

neural matter during a flare-up. One particularly attractive candidate proved to be the structurally 

nearly identical phosphonate analog of fingolimod – tysiponate – whose synthesis proved to be 

uneconomical.9 In particular, the construction of the stereogenic center in the molecule’s polar 

head group could be considered challenging; alternative option deviating from the conventional 

linear synthesis described by Bittman and coworkers in 2009 include utilization of Garner’s alde-

hyde, O’Donnell’s Schiff base chemistry and the alkylation of a prochiral or chiral center of func-

tionalized amino acid esters, and the promising redox photochemistry in the scope of a hydroami-

noalkylation developed by Cresswell et al. in 2021 in order to obtain the target compound.9,10,11,12 

With the aid of computational chemistry and molecular docking simulations, the crystal structure 

of the primary target receptor sphingosine-1-phosphate receptor type 1 gives insight into the struc-

tural features and functionalities that define some synthetic ligands as agonists and others as an-

tagonists, allowing drug discovery and directed synthesis of entirely novel drug candidates that 

aim for receptor specificity and cellular stability in vivo.13  

With the persistence of autoimmune disorders in today’s growing population and the chal-

lenging nature of their treatment, sphingolipid–derived drug candidates targeting lysophospholipid 
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receptors as the nexus for immunity control remain an essential medical aim of peak priority. A 

drug molecule suitable for medical treatment of patients requires an economical synthesis feasible 

in large scale, which excludes some conventional syntheses that are of long and linear character. 

Therefore, the pursuit for a short, possibly convergent, and especially atom–economical synthesis 

of potential drug candidates is a synthetic top priority in drug discovery.  
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NEURONAL AUTOIMMUNE DISEASES: MULTIPLE SCLEROSIS 

Abundance and impact. Multiple sclerosis (MS) is a chronic autoimmune inflammatory 

disease of the central nervous system (CNS) first described by the French neurologist Jean-Martin 

Charcot in 1868 at the Hôpital de Salpétrière as ‘la sclérose en plaques’.14,15 The disease received 

its name for the lesions – or plaques – that develop as glial scars in white and gray brain matter as 

well as the spinal cord and that can be visualized via magnetic resonance imaging (MRI).14,16 To-

day, MS affects about 400,000 people in the United States alone and approximately 2.1 million 

people worldwide by greatly impairing the quality of life, social relationships, employment capa-

bility, and productivity of both the affected individuals as well as the patients’ related par-

ties.17,18,19,20 With its social impact and associated treatment necessities, MS poses a substantial 

economic burden: a study from 2013 calculated the total all-health care costs annually caused by 

MS in the United States ranging between $8,528 and $52,244 per patient.21 In 2012, the U.S. prev-

alence of MS was 149.2 cases per 100,000 individuals (with a confidence interval [CI] of 95% 

147.6–150.9 cases) consistent in the years of 2008–2012, with female study participants being 3.13 

times more likely to have the disease; based on these data, the extrapolated U.S. MS occurrence 

for 2012 was 403,630 individuals (CI 95% 387.4–419.8).22 A systematic review of MS incidence 

published in Medline between 1966 and February 2007 illustrated the greater susceptibility of 

women to MS: the study found in 2.0 male cases (CI 95% 1.5–2.4) and 3.6 female cases (CI 95% 

3.0–4.2) per 100,000 persons per year with an increasing female-to-male ratio from 1.4 in 1955 up 

to 2.3 in 2000.23 Multiple studies in North America describe the peak for MS outbreak to be in 

ages between 45 and 49 years for an occurrence of 303.5 cases per 100,000 persons (CI 95% 

295.6–311.5).24,25,26 Significant cognitive impairment is reported in 43–70% of MS patients with 

an increased risk of loss of employment and a substantial reduction of vocal abilities in the progress 
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of MS; the speed of information processing, visual and working memory, as well as visuospatial 

perception are particularly affected even in early stages of the disease.27,28,29,30 Furthermore, over 

30% of MS patients suffer severe spasticity predominantly in legs, numbness and tingling (pares-

thesia), burning sensation (dysesthesia), double vision (diplopia), and ataxia; more than 90% of 

patients experience fatigue and incontinence, especially bladder dysfunction.31,32 

Disease forms and patterns. MS is classified as a chronic autoimmune inflammatory neu-

rological disease of the CNS, causing gradual demyelation of neuronal axons to varying degrees, 

resulting in loss of cerebral signal transduction and therefore cognitive impairment of the affected 

individual.31,33,34 The innate immune system marks the insulating myelin sheaths and oligodendro-

cytes in the individual’s CNS mistakenly as inflammatory and initiates an immune response that 

targets respective tissues, causing severe cerebral damage through local demyelination; these cor-

tical lesions (CLs) are majorly responsible for the cognitive dysfunctions MS patients experience 

as progressing demyelination results in a loss of axonal insulation leading to disruption of neuronal 

signal transduction.35,36 The accumulation of CLs during the disease’s progression correlates with 

the mental decline of the affected subject; it was found that cognitively impaired MS patients dis-

play greater numbers and volumes of CLs when compared to cognitively normal patients.37,38 In-

tracortical lesions (ICLs) occur only in white brain matter; leukocortical lesions (LCLs) affect both 

gray as well as white brain matter and have a greater contribution to the cognitive impairment in 

MS than ICLs.39 A recent Japanese study assessing the cognitive impairment of MS patients uti-

lizing 3D double inversion recovery MRI, Brief Repeatable Battery of Neuropsychological Tests 

(BRB-N), the Apathy Scale (AS), a Fatigue Questionnaire (FQ), and the Hospital Anxiety and 

Depression Scale (HADS) within a period of one week found that MS patients with CLs scored 

poorer in most BRB-N tests, but failed to detect any correlation in FQ, AS, and HADS; this 
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concludes that the general presence and amount of CLs as well as LCLs in particular are more 

strongly associated with cognitive dysfunction than ICLs.40  

The cause of MS remains not certain; the onset of the disease, however, appears to involve 

a combination of genetic predisposition and a possible external, nongenetic trigger such as a viral 

pathogen or specific metabolism that together result in a self-sustaining autoimmune disorder tar-

geting the CNS.32 Certain environmental factors such as greatly elevated amounts of vitamin B, 

extended UV light exposure, Epstein-Barr virus (EBV) infection, obesity, and smoking have also 

been found to correlate with the development of MS.41,42,43,44 

Generally, four types of MS are clinically documented;  

Relapsing-remitting MS (RRMS): Affecting about 85% of all MS patients, RRMS is the 

most common form of MS, characterized by flare-ups (relapses or exacerbations) of neuronal at-

tacks of the immune system, resulting in a worsening of disease symptoms, followed by periods 

of remission where symptoms improve or even fully disappear. 

Secondary progressive MS (SPMS): The course of this disease form worsens in a continu-

ous manner with or without periods of remission, symptom relief, or severity leveling; SPMS may 

develop from RRMS in progressive stages. 

Primary progressive MS (PPMS): Affecting approximately 10% of all MS patients, PPMS 

is marked by gradually worsening symptoms from the onset of the disease. No relapses or remis-

sions occur; however, occasional symptom severity plateaus may set in. This form of MS has been 

found to be the most resistant to medical treatment. 

Progressive-relapsing MS (PRMS): Being the rarest form of MS, PRMS affects less than 

5% of all MS patients. The disease progresses in a continuous fashion with increasing severity of 

symptoms and occasional flare-ups along the way; no periods of remission occur.1,31  
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Despite this categorization, many disease developments occur in a more continuous fashion 

rather than in strictly distinctive phenotypes.1 At autopsy, MS plaques are characterized by pink 

or gray areas of hardened tissue with rubbery texture within the white brain matter, scarred by the 

loss of myelin and oligodendrocytes as well as substantial lymphocyte and macrophage infiltration 

around a remarkably preserved axonal network.31  

Pathophysiology. MS is mainly characterized by perivenular inflammatory lesions in the 

white and gray brain matter, resulting in demyelination plaques.31,33,34,45 These lesions pose the 

pathological hallmark for infiltrates containing substantial amounts of white blood cells (WBCs) 

including plasma B cells, B lymphocytes, and predominantly T lymphocytes, in particular CD8+ 

T lymphocytes restricted by the immunogenetic major histocompatibility complex (MHC) class 

I.46 Demyelination and respective oligodendrocyte damage in the CNS is a result of chronic in-

flammation of the latter and repeated flareups – relapses – characterized by a spiked egress of 

activated T lymphocytes targeting the myelin sheaths of neuronal axons, leading to partial or com-

plete destruction of the insulating myelin coating.47,48 Typically, axons remain well preserved, alt-

hough more severe and progressed disease stages also display irreversible axonal damage.31,47 

Classical active lesions with severe lymphocyte infiltration are generally found in RRMS; the 

pathological image of SPMS and PPMS is rather characterized by lesions with an inactive core 

surrounded by a comparably narrow rim that features dense presence of microglia, macrophages, 

and other WBCs.49  

The natural vertebrate defense mechanism against endogenous as well as exogenous insults 

and pathogens is comprised of two complimentarily integrated and highly synchronized fractions: 

the innate and the adaptive immune system. Innate immunity is an organism’s genetic predisposi-

tion against invading species as well as defective body–own components and reacts fast; the 
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adaptive immune response is significantly slower in comparison but delivers a highly specific re-

action and is persistent with defined pathogens upon repeated exposure, promoting long-tern pro-

tection sustained by immunological memory.50 T and B lymphocytes are a central part of this 

adaptive immune system.51 Immature T cells are strictly positively and negatively selected and 

then matured in the thymus before their egress into the periphery as naïve mature T lymphocytes. 

T cells can be segregated into two major subtypes: CD4+ T lymphocytes, also known as helper T 

(TH) cells, are leukocytes that regulate the adaptive immune response through local egress of im-

munoregulative cytokines.52 CD8+ T lymphocytes, further called cytotoxic T (TC) cells or killer T 

cells, seek and destroy foreign, infected, or malfunctioning cells by the release of pro-apoptotic 

and/or cytolytic enzymes.53,54 All T lymphocytes express a T cell receptor (TCR) complex com-

posed of the highly variable antigen binding TCR itself and the cluster of differentiation 3 (CD3) 

signaling protein; through this TCR complex, naïve CD4+ T lymphocytes recognize antigens pre-

sented by the MHC class II while naïve CD8+ lymphocytes become activated and engage upon 

exposure to MHC class I molecules. The activation and differentiation of naïve T leukocytes into 

activated TH and TC lymphocytes requires at least two signals induced by antigen–presenting cells 

(APCs); engagement of the TRC recognizing the MHC and interaction of the co-activating recep-

tor with a co-activating ligand. This APC–T cell interaction induces a cascade of intracellular sig-

naling triggering maturation, proliferation, and production of immune mediators by the T lympho-

cyte such as respective cytokines.52,53,54  

T lymphocytes are further categorized by their cytokine secretion profile: TH1/TC1 cells 

releasing cytokines such as interferon γ (IFN-γ) or the tumor necrosis factor (TNF); TH2/TC2 cells 

secreting interleukin 4 (IL-4), IL-5, and IL-13 amongst others; and TH17/TC17 cells responsible 

for the egress of IL-17, IL-21, IL-22, and others.55,56 TH1 and TC1 lymphocytes provide immediate 
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immunity to intracellular pathogens; TH1 cells stimulate phagocyte-mediated functions, while TC1 

lymphocytes directly lyse infected or otherwise damaged cells through the release of apoptosis–

triggering granzymes and the cytolytic protein perforin that lyses the targeted cell’s membrane 

through oligomerization.53,54,55,56 TH2 and TC2 lymphocytes play a central role in humoral-medi-

ated immunity; cytokines produced by these WBCs induce the differentiation and maturation of B 

cells and the production of antibodies.52,55,56 TH17 and TC17 cells recruit neutrophils and activate 

other innate immune cells to target certain bacterial and also fungal infections.55,56 Once activated, 

T lymphocytes are released into the periphery to perform immunosurveillance; in the end, a certain 

portion of T cells survive and persist as the central or effector memory lymphocytes, specialized 

on specifically targeting previously engaged and therefore memorized pathogens.55,56 

For cerebral infiltrations, respective WBCs need to enter the CNS and therefore trespass 

the blood–brain barrier (BBB). The BBB, however, strictly restricts migration of cells and soluble 

components from the periphery to the CNS, thus preserving cerebral homeostasis as well as an 

optimal neuronal environment; at healthy physiological conditions, only few WBCs cross the BBB 

and perform immunosurveillance of the CNS.57 Elevated levels of pro-inflammatory leukocytes 

within the CNS indicate early stages of MS development.57 Steps of leukocyte extravasation in-

clude capture/rolling, activation, firm adhesion, crawling, and diapedesis/transmigration.58 Inac-

tive leukocytes display very limited abilities to trespass the BBB; activated T lymphocytes, how-

ever, express various chemokine receptors, cell adhesion molecules (CAMs), integrins, cytokines, 

matrix metalloproteinases, and reactive oxygen species (ROS) that promote extravasation into the 

CNS.57,59 In particular, intracellular cell adhesion molecule 1 (ICAM-1), vascular CAM 1 (VCAM-

1), activated leukocyte CAM (ALCAM), and melanoma CAM (MCAM) expressed on endothelial 

cells of the BBB and their cognate ligands such as integrins or counterpart CAMs present on 
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activated leukocytes enable respective WBCs to cross the BBB.57,60,61,62,63 T cells also further up-

regulate their chemokine expression for BBB trespassing and invasion of the CNS. TH17 leuko-

cytes are known to preferentially express CCR6, a chemokine receptor for CCL20, which in turn 

is a chemokine abundant in the choroid plexus under physiological as well as MS-inflamed con-

ditions.64,65,66 Experimental autoimmune encephalomyelitis (EAE) mice experiments as MS mod-

els also proved elevated levels of the leukocyte–chemotactic cytokine CXCL2 in the brainstem 

and increased expression of the WBC–recruiting cytokine CCL2 in the spinal cord.67 Lesions, the 

cerebrospinal fluid (CSF), as well as blood samples from MS patients show significant concentra-

tions of IFN-γ, IL-17, IL-22, and the granulocyte-macrophage colony-stimulating factor (GM-

CSF) secreted by myelin-specific CD4+ TH1 and TH17 lymphocytes, especially during periods of 

active relapses.68,69,70,71,72,73,74,75 IL-17 was found to be most widely expressed by T cells circulat-

ing during both acute and chronic MS.76,77 It was found that activated myelin-specific CD4+ T 

lymphocytes secreting IFN-γ do transfer disease in naïve rodent animal models.85,78 Treatment 

attempts of patients with MS with direct injection of IFN-γ also aggravated disease progres-

sion.79,80 Therefore, initially conclusions designated IFN-γ–producing TH1 cells being responsible 

for triggering the onset of MS; however, later findings on animal models proved the independence 

of disease development from IFN-γ–secreting cells as injection of IFN-γ–blocking antibodies also 

further strengthened EAE progression and EAE induction into IFN-γ–deficient mice resulted in 

augmented disease development.81,82,83  

Despite the strong indications that MS development and progression is mainly driven by 

CD4+ T lymphocytes, results from clinical trials show that the disorder’s pathogenesis is far more 

complex; while CD4+ T cell–depleting antibody therapy did not deliver any benefits to MS pa-

tients, treatment with a far less specific antigen (anti-CD52 antibody alemtuzumab; see Diagnosis 
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and treatment) that dramatically reduces levels of most lymphocytes significantly decreased re-

lapse rates and disease progression in patients.84,85,86,87,88,89 It is suspected that CD8+ T lympho-

cytes actively participate in the injury of the CNS observed in MS patients.90 IL-17–producing and 

MCAM–expressing CD8+ T cells such as TH17 have been found in great abundance in active 

perivascular and parenchymal MS lesions of MS patients even in early demyelination stages, with 

their levels partially even surpassing these of CD4+ T cells.91,92,93,94,95,96,97,98 CD8+ T lymphocytes 

recognize antigens presented by MHC class I molecules and can increase or decrease the risk of 

CNS inflammation, which can effectively result in MS.99,100 At normal physiological conditions, 

MHC class I molecules are marginally expressed in most CNS cells; upon inflammation, neurons, 

oligodendrocytes, and astrocytes show a significant increase of MHC class I expression, making 

them a target for activated CD8+ T lymphocytes upon CNS infiltration.101,102 However, cytotoxic 

T lymphocytes do not act alone; experimental data proved that CD4+ and CD8+ T cells collectively 

contribute to the autoimmune attack observed in MS.103 Peripheral tolerance is maintained by reg-

ulatory T cells that in fact prevent autoimmune disorders by suppressing the activity of other im-

mune cell subsets, including autoreactive CD4+ and CD8+ T lymphocytes, natural killer cells 

(NKCs), macrophages, monocytes, and dendritic cells (DCs) through direct contact and secretion 

of signaling molecules such as transcription factor FoxP3 and IL-10.104,105,106 Because of this im-

mune asset control, regulatory T cells can vastly influence the development and severity of an 

autoimmune outbreak as well as its recovery, as proven in EAE animal models.107,108,109  

Astrocytes, microglia, and oligodendrocytes all account to glial cells, cerebral components 

that perform highly specific and complementary functions in the CNS, eventually protecting and 

ensuring an optimal environment for neurons. Microglia are innate immune cells resident in the 

CNS and pose the first line of defense against internal as well as external pathogens, injuries, and 
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traumata, removing cellular remains and performing permanent surveillance for potential 

threats.110 Evidence increases suggesting that the activation of microglia marks the onset of MS 

lesion development, even before lymphocyte infiltration and macrophage activation in the 

CNS.110,111,112 Due to their expression of MHC class I and II and other costimulatory molecules, 

production of cytokines, and their abundance in the CNS, microglia are capable to greatly affect 

the response of WBCs infiltrating the CNS, especially MCH–responsive T lymphocytes.113 These 

antigens targeted by respective T cells make microglia contribute effectively to the activation of 

naïve lymphocytes; infiltration of IFN-γ- and IL-17–producing CD4+ T lymphocytes in EAE mod-

els correlated with increased levels of inflammatory cytokines like IL-β1, IL-6, and TNF generated 

most likely by microglia.114 TH1 and TH17 cells also are known to increase MHC class I and II 

expression levels on microglia; this crosstalk between T lymphocytes and microglia can eventually 

result in either enhancement or suppression of autoimmune responses in the CNS.115 

Diagnosis and treatment. The diagnosis of MS is based on the evidence of multiple criteria. 

The space dissemination criterion requires the detection of at least two distinct lesion in the white 

brain matter; the time dissemination criterion is based on the observation of at least two different 

episodes of disease progression being a minimum of one month apart; and the detection of a 

chronic inflammation of the CNS for at least 24 h, typically determined by analysis of the CSF, 

marks the inflammatory criterion.31,116  

There is no curative treatment for MS to date. All therapies are of anti-inflammatory char-

acter and aim to mitigate symptoms and delay disease progression; there are eight FDA–approved 

therapy agents that are of most common application on MS patients.1,2,3 Interferon β is a naturally 

occurring polypeptide majorly synthesized in fibroblasts. It displays anti-inflammatory effects 

through inhibition of T lymphocyte proliferation and migration reduction of inflammatory cells 
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across the BBB.117 Interferon β is available in two recombinant form as an MS treatment either as 

interferon β-1a or interferon β-1b; interferon β-1a is given as a dose of 22 or 44 µg subcutaneously 

three times a week, while interferon β-1b is administered subcutaneously in doses of 250 µg every 

other day.118 Phase II clinical trials of all interferon β preparations showed effective reduction of 

annualized relapse rates (ARR) by 30–36% as well as reduction of RRMS progression and new 

lesion formation.119,120,121 As interferon β-1b mostly reduces the rate of relapses, only SPMS pa-

tients benefit from interferon β-1b treatment; PPMS patients remain relatively unaf-

fected.122,123,124,125 Interferon β treatment, particularly interferon β-1b, is reported to induce for-

mation of specific neutralizing antibodies (NABs) within 6 to 18 months of treatment, significantly 

reducing the effectiveness of the treatment and leaving the patient in need for treatment change.126  

Glatiramer acetate poses a different MS treatment, being a mixture of synthetic peptides 

with an average chain length of 40 to 100 residues, resembling sequences of myelin basic protein. 

The mechanism of action is believed to be driven by the promotion of Th2 deviation under devel-

opment of Th2 glatiramer acetate–reactive CD4+ T lymphocytes that accumulate in the CNS and 

promote bystander suppression through the release of anti-inflammatory cytokines.127 Treatment 

with glatiramer acetate consists of administration of 20 mg doses daily and has been found to 

reduce ARR by 29% in RRMS, significantly delaying second relapses and reducing the risk of 

new lesion formation and expansion.128,129 Despite being ineffective against SPMS and PPMS, 

glatiramer acetate is well tolerated.130 However, common side effects experienced by 65% of 

treated patients include injection-site pain, erythema, swelling, and itching (pruritus); 15% of pa-

tients report temporary facial flushing, chest tightness, anxiety, palpitation, and dyspnoea.128,129,130  

Teriflunomide is an immunomodulating agent inhibiting mitochondrial enzyme dihy-

droorotate dehydrogenase required for de novo biosynthesis of pyrimidine, leading to the reduction 
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of proliferation of dividing cells that rely on pyrimidine generation; in MS, this effect is believed 

to result in a reduced number of circulating lymphocytes.131 Daily 14 mg administrations lead to a 

reduction of ARR by 31–36% compared to placebo; teriflunomide dampened the rate of disability 

progression by 26–27% and MRI gadolinium-enhancing lesion (GEL) formation by 80% in phase 

II trials on RRMS patients.131 Teriflunomide also greatly prolongs the time to a second relapse in 

RRMS and formation of further MRI lesions.132 Common adverse effects include infection of the 

upper respiratory as well as the urinary tract, paresthesia, diarrhea, nausea, hair thinning, spiking 

of alanine aminotransferase levels, hypertension, decrease of peripheral leukocyte levels, and 

rarely general pancytopenia; liver functions need to be carefully monitored when under terifluno-

mide treatment.133,134  

Dimethyl fumarate is a small–molecule immunomodulatory agent with anti-inflammatory 

properties, yet its mechanism of action in MS is only partially understood; when administered in 

daily 240 mg doses, dimethyl fumarate primarily activates the nuclear factor erythroid 2–related 

factor 2 (Nrf2) transcriptional pathway and upregulates Nrf2-dependent antioxidant genes in pa-

tients when administered in daily 240 mg doses.135 In phase II clinical trials on RRMS patients, 

dimethyl fumarate proved to reduce ARR by 44–53%, slowed the rate of disability progression by 

22–32%, and delayed MRI GEL formation by 75–94% and the number of MRI T2 lesions by 36% 

when compared to placebo.136,137 Regular side effects during dimethyl fumarate treatment are 

flushing, nausea, lymphopenia, elevated hepatic transaminase levels, abdominal pain, and diar-

rhea.136,137  

Natalizumab poses a monoclonal antibody against the cell adhesion protein CD49d – also 

known as integrin α4 – blocking the interaction with its ligands and therefore preventing adherence 

of activated leukocytes to inflamed endothelium, thus inhibiting the migration of inflammatory 
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cells into the CNS.138 Administration occurs every four weeks intravenously. In final phase II 

clinical studies on RRMS patients, natalizumab monotherapy proved to reduce ARR by 68%, dis-

ability rate progression by 54%, and MRI GELs by more than 90% compared to placebo.138 Further 

studies showed that a combined treatment with natalizumab and interferon β-1a proved to be su-

perior in ARR and T2 lesion reduction than treatment with interferon β-1a alone.139 Natalizumab 

is generally well tolerated, yet extended duration of treatment often leads to a risk increase of the 

patient developing progressive multifocal leukoencephalopathy (PML), a potentially life-threaten-

ing CNS infection of oligodendrocytes by the human polyomavirus 2, also known as the John 

Cunningham virus (JCV). Natalizumab exposure also may induce an autoimmune response along 

with the formation of persistent NABs within the first 12 months of treatment, posing a danger to 

the efficacy of the latter.118,140 

Alemtuzumab is another recombinant, humanized monoclonal antibody, targeting the cell 

surface antigen CD52, which is especially expressed on T and B lymphocytes. Upon binding, 

alemtuzumab induces cytolysis and complement-mediated lysis of respective leukocytes, effec-

tively depleting lymphocyte populations responsible for MS relapses.141 Treatment with 

alemtuzumab occurs in two distinct stages: in the first phase, daily doses of 12 mg are administered 

for five consecutive days; then, after 12 months, another 12 mg doses per day are given for three 

more days in a row. According to its European Medicines Agency (EMA) license, alemtuzumab 

is considered a first-line treatment; however, as administration of alemtuzumab increases the risk 

of secondary autoimmunity, numerous neurologists consider the drug a second-line treatment.118 

In two phase II clinical trials, alemtuzumab showed to reduce ARR by 49–55%, slowed the rate 

of disability progress by 30–42%, and delayed MRI lesion formation by 61–63%.142,143 Common 

adverse effect experienced by patients include nausea, headache, elevated resting heart rate 
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(tachyarrhythmia), urticaria rash, pruritus, fatigue, and occasional fever.142,143,144 Furthermore, 

alemtuzumab treatment may lead to upper respiratory tract infection and autoimmunity develop-

ment through autoantibodies occurring in average within 32 months of treatment, endangering the 

latter’s effectiveness.145 

Mitoxantrone is a fully synthetic small–molecule anthracenedione derivative and is a type 

II topoisomerase inhibitor by disrupting DNA synthesis and repair; it acts as an immunosuppres-

sant by targeting proliferating immune cells and inducing apoptosis in T and B lymphocytes, mac-

rophages, and other antigen-presenting WBCs. Phase II and III clinical studies on highly active 

and progressed RRMS cases showed significant reduction of relapse rates by 60–70% when com-

pared to placebo or intravenously administered methylprednisolone as well as reduced disability 

progression and MRI lesion spreading.146,147,148 Reported side effects include transient nausea, fa-

tigue, mild loss of hair, menstrual disturbances, urinary tract infection, elevated liver enzyme lev-

els, and leucopenia. Because of its highly teratogenic character, mitoxantrone application is to be 

strictly avoided during pregnancy; generally, the use of mitoxantrone has steadily declined due to 

severe complications as well as the emergence of comparably effective yet significantly less toxic 

alternative treatments.118 

Fingolimod, also known as FTY720 or commercially distributed as Gilenya® by Novartis, 

is a small–molecule, second-line autoimmune modulator administered orally in 0.5 mg daily doses 

and poses the most commonly prescribed oral drug on the market for MS treatment. The mecha-

nism of action involves competitive agonism on primarily the sphingosine-1-phosphate receptor 

type 1 (S1P1), its subsequent internalization and ubiquitination, leading to the receptor’s pro-

teasomal degradation; this results in the decrease of S1P1 expression levels, which in turn prevents 

the egress of autoreactive TH2 lymphocytes from local lymph nodes to the CNS.149,150 Two major 
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clinical studies were conducted on RRMS patients subjected to fingolimod treatment: a 12-month 

TRANSFORMS (Trial Assessing Injectable Interferon versus FTY720 Oral in Relapsing-Remit-

ting Multiple Sclerosis) study comparing fingolimod in 0.5 mg and 1.25 mg oral doses to intrave-

nously administered interferon β-1b, and the 24-month FREEDOMS (FTY720 Oral in Relapsing-

Remitting Multiple Sclerosis) trial, that compared the progression of RRMS when treated with 

fingolimod in the aforementioned dosing versus placebo. In the 24-month extension of the 

TRANSFORMS study, patients receiving FTY720 displayed significant reduction of relapses 

(ARR of 0.12 in first 12 months of treatment; ARR 0.11 in months 13 to 24) compared to intra-

muscular interferon β-1b; placebo subjects kept a ARR rate of 0.4.150,151,152,153 Overall, fingolimod 

proved to reduce RRMS ARR by 48–55%, disability progression rate by 25–30%, and MRI GELs 

by over 80%, showing superiority over interferon β-1b.149,154,155 Typical side effects associated 

with fingolimod include infection of the upper respiratory tract, headache, cough, back pain, tran-

sient bradycardia, and atrioventricular block; therefore, fingolimod should not be administered to 

patients with known cardiac arrhythmias or patients using other medications known to induce 

bradycardia.149,154 In 2018, the FDA announced a warning that in rare cases discontinuation of 

fingolimod treatment may result in severe worsening of the disease, even exceeding the typical 

relapse rate and progression of untreated MS, leading to permanent disability.156  
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RESPIRATORY AUTOIMMUNE DISEASES: ASTHMA 

Abundance and impact. The first descriptive records of asthma date back to 460–360 B.C. 

when the School of Hippocrates of Kos described chronic difficulty of breathing or disturbances 

of respiration with the terms dyspnea (δύσπνοια), tachypnea (ταχυπνοια), orthopnea (ορθοπναία), 

and the very term asthma (ασθμα), a Greek noun itself, which derives from the verb aáζɛιν 

(‘aazein’), which, in turn, means to exhale with open mouth or to pant.157 It was not until 1892, 

when Canadian physician and co-founder of the Johns Hopkins Hospital Sir William Osler de-

scribed the inflammatory process of bronchial asthma along with its clinical symptoms in his clas-

sic textbook The Principles and Practice of Medicine.158 An eventual comprehensive clinical def-

inition of asthma was provided by Huber and Koesser in 1922.159  

Asthma poses the most common inflammatory lung disease in the world and affects over 

300 million people worldwide.160 If left untreated, the condition can lead to significant limitations 

of daily activities and impairment of overall quality of life, up to elevated morbidity.161 Despite 

numerous treatment options, asthma maintains an unacceptably high mortality rate with approxi-

mately 250,000 annual deaths.162 In the United States, 24.6 million people were diagnosed with 

asthma in 2014 and the annual economic burden caused by the disease was calculated to be 56 

billion USD in 2008 with an almost 26 billion USD increase within 10 years up to 81.9 billion 

USD in 2018.163,164,165 A study in 2008 determined that asthmatic treatment leaves patients with 

individual annual costs ranging between 3,499 USD and 6,797 USD, depending on the severity of 

disease progression.166 As the disease experienced a significant rise between 1980 and 1996 and 

continues to steadily increase in industrialized nations such as the U.S., over 100 million more 

cases are expected to arise worldwide by the year of 2025.167,168  
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Despite generally affecting people of all ages, asthma predominantly occurs in children; 

especially children of 5–17 years of age display the greatest prevalence of asthma with 105.5 cases 

per 1,000 people; people of the age 18 years or older demonstrated a significantly lower prevalence 

of 81.6 cases per 1,000 tested individuals in the annual American Lung Association report of 

2012.169,170,171,172 Postnatal acquisition is strongly linked to allergic sensitization.158 Asthma is sus-

pected not to be only a local pulmonary disorder, but involve the entire respiratory tract as it fre-

quently coemerges with other atopic disorders such as allergic rhinitis.173 Other physical conditions 

such as obesity also display significant correlation with an asthmatic increase; a study examining 

trends in obesity among adults found prevalence of obesity increase in asthmatic cases (21.3–

32.8%) compared to non-asthmatic individuals (14.6–22.8%) to be significant; additionally, obese 

asthmatics show poor reactivity to therapy and show an almost fivefold risk of hospitalization due 

to exacerbations.174,175 

Diagnosis and categorization. Asthma is defined as a reversible inflammation of airways, 

characterized by recurrent attacks of breath shortage, cough, and wheezing, rendering the affected 

individual hyperresponsive to physical and external stimuli.176,177 An asthmatic attack leads to 

sudden airway smooth muscle contraction, fibrosis, and increased angiogenesis along with muco-

sal inflammation mainly driven by activated eosinophils, mast cells, macrophages, and T and B 

lymphocytes.176 Symptoms ease either spontaneously with rest or a fast-acting bronchodilator, or 

for extended periods of time through long-term treatment.159 Asthma is diagnosed through thor-

ough examination of the medical history, a physical examination, and an objective assessment of 

lung function in individuals over the age of 6 years; bronchoprovocation challenge testing and 

assessing for biomarkers of airway inflammation also helpful in diagnosing the disease, especially 

when objective lung function measurement results are normal despite asthma symptoms.159,178,179  
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Classification and categorization of the disease has been attempted and performed by mul-

tiple studies based on symptom phenotypes, disease onset, and patient characteristics. A classical 

categorization of asthmatic diseases was conducted upon prevention and control measures, atopic 

or non-atopic induction, treatment response (e.g. steroid reactivity), bronchitis, induced sputum, 

and fractional exhaled nitric oxide levels.180 For asthma developed during early childhood, typi-

cally three major wheeze phenotypes are differentiated;  

Transient early wheezing: Limited to the first 3–5 years of life, no genetic predisposition 

is associated with this type of asthma. Risk factors include general decrease of lung function, ma-

ternal smoking during pregnancy, and exposure to pathogens in early life stages. 

Non-atopic wheezing: Wheezing and occasional breath shortage up to early stages of ado-

lescence, not associated with atopy or allergens but with viral infections, especially the respiratory 

syncytial virus (RSV) in the first 3 years of life. 

Immunoglobulin E (IgE)–mediated (atopic) wheezing: Also known as the classic asthma 

phenotype, it features persistent wheezing associated with atopy, early allergic sensitization, se-

vere loss of lung function in early stages of life, and omnipresent airway hyperresponsive-

ness.181,182  

Another, more refined categorization into five general groups was provided by a cluster 

analysis by Halder and coworkers upon inspection of 187 asthmatic cases; 

Group 1: Atopic early onset type asthma: Patients of this group experienced strong respir-

atory tracts reversibility and substantial eosinophilic infiltration of airways with quickly occurring 

deterioration. 

Group 2: Obese non–eosinophilic asthma: Patients of this cluster were mostly overweight 

female individuals with non-prevalent inflammation and little leukocyte infiltration. 
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Group 3: Benign asthma: Patients of this symptom–predominant group displayed an early 

disease onset yet with minimal eosinophilic infiltration.  

Group 4: Early symptom–predominant asthma: Individuals of this group showed relatively 

late symptom outbreaks followed by only infrequently occurring reversibility; this resulted in a 

tendency to overtreatment. 

Group 5: Inflammation–predominant asthma: Patients in this cluster comprised of mostly 

male individuals featured substantial eosinophil inflammation yet with dampened symptoms, en-

dangering this group to insufficient treatment.183 

Moore et al. categorized asthmatic cases in their Severe Asthma Research Program (SARP) 

supported by the National Heart Lung and Blood Institute (NHLB1) in 726 asthmatic cases over 

12 years of age into five clusters; 

Cluster 1 asthmatics were characterized by a pediatric onset with atopic disease with 

merely light symptoms. 

Cluster 2 patients also featured a pediatric onset–type light asthma, however, they com-

prised the largest group using long-term medication for relief management. 

Cluster 3 individuals identified through adult onset, non-atopic–type asthma with preva-

lence in obese patients. 

Cluster 4 patients experienced pediatric onset, atopic–type asthma with severe symptoms. 

Cluster 5 asthmatics featured an adult onset, atopic–type disease with greatly limited res-

piratory functions despite the use of bronchodilating medication.184  

Pathophysiology. The asthmatic outbreak it generally associated with an immune response 

triggered by either allergic stimuli (e.g. house dust mites, animal dander, mold, pollens) or non-

allergic sources (e.g. viral infections, aerosol exposure, physical strain).177 However, genetic 
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predisposition to asthma is suspected, as several chromosomal regions related to the production of 

IgE antibodies, inflammatory mediators, and respiratory hyperresponsiveness expression all asso-

ciated with asthma susceptibility have been identified.159,185  

The lungs of asthmatic patients are typically hyperinflated due to extensive mucus plugging 

in segmental and subsegmental bronchus and peripheral airways, while the lung parenchyma gen-

erally remains relatively intact. Analyses of the excessive mucus produced in asthmatic cases 

showed an overabundance of cellular debris from necrotic epithelial cells, plasma protein exudate, 

goblet cell–generated mucin, as well as inflammatory cells such as T and B lymphocytes, eosino-

phils, and neutrophils.184,186,187,188 The asthmatic airway epithelium typically bears signs of inflam-

matory cell infiltration consisting of T lymphocytes, mast cells, neutrophils, and eosinophils as 

well as sloughing of ciliated columnar cells with goblet cell and squamous cell metaplasia, indi-

cating ongoing repair of the damaged epithelium.189 The subepithelial basal lamina appears thick-

ened due to respective repair metaplasia, although different studies claim the thickening being 

related to accumulation of other extracellular matrix components beneath a basement layer of nor-

mal thickness.190  

In an atopic asthmatic response, external allergens are taken up by DCs, which then process 

these antigens and present them to naïve TH2 cells. Such triggered TH2 CD4+ lymphocytes are then 

majorly responsible for the allergic inflammation of the targeted tissue that is most commonly the 

airway smooth muscle epithelium.185,191 Increased TH2 lymphocyte levels lead to the egress of 

cytokines, including IL-4, IL-5, IL-9, and IL-13, promoting eosinophil recruitment and IgE pro-

duction. IgE generation, in turn, triggers the release of inflammatory mediators such as histamine 

and cysteinyl leukotrienes that cause bronchospasms, edema, and increased mucus production – 

the typical symptoms of asthma.159,192  
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Mediators and cytokines that are released in early asthmatic stages further propagate and 

aggravate the immune response with each cycle (late-phase asthmatic response), resulting in pro-

gressive airway inflammation and exponentially increasing bronchial hypersensitivity.185 Notably, 

predominant neutrophil infiltration has been reported to be associated specifically with sudden 

onset fatal asthma.193 TH9 and TH17 cell subtypes also contribute to inflammation, smooth muscle 

contraction severity, and mast cell stimulation; TH17 lymphocytes in particular produce IL-17A, 

which enhances smooth muscle contractility, and cytokines IL-17F and IL-22 that further induce 

airway inflammation.176 As the disease progresses, these repeated inflammation bursts along with 

reoccurring remodeling of the airway system result in increasingly severe airway obstructions due 

to thickening of the basement membrane within the airway walls. Epithelial to mesenchymal cell 

transitions prolong inflammatory infiltration, resulting in histological changes in the airway walls 

and causing aforementioned basement membrane thickening, collagen deposition, smooth muscle 

hypertrophy, and hyperplasia, overall gradually worsening the symptoms of chronic asthma.194,195 

These symptom outbursts and following repair processes cumulatively aggravate disease severity 

over time. 

Treatment. Typical treatment of asthma mostly focuses on symptom relief, both temporary 

as well as for prolonged periods of time. Over time, numerous treatment options have been estab-

lished, yet curative medication is still to be discovered.  

Introduced in the 1970s, corticosteroids (CSs) proved to be the most effective asthma ther-

apy and to control asthma-associated airway inflammation by binding to ubiquitously expressed 

cytoplasmic CS receptors and repressing inflammatory genes while simultaneously increasing 

transcription of anti-inflammatory genes.196 CSs also decrease peripheral eosinophil levels in the 

sputum, suppress immune responses, and reduce proinflammatory cytokine and chemokine 
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expression, including CCL3, IL-1β, IL-4, IL-5, IL-13, TNF, and CCL5.197 Despite various admin-

istrations, inhaled corticosteroids (ICSs) quickly became the dominant treatment for patients with 

persistent asthma, showing effectiveness in alleviating asthma scores, improving pulmonary func-

tions, reversing airway mucosal thickening, and reducing hyperresponsiveness as well as goblet 

cell hyperplasia.198 However, long-term treatment with high doses of ICSs can cause local adverse 

effects such as oral candidiasis, cough, pharyngitis, hoarseness, and dysphonia as well as system-

atic side effects, including growth retardation in children, osteoporosis, and increased susceptibil-

ity to glaucoma, cataract, adrenal gland suppression, or diabetes.198 CS sensitivity also plays an 

important role as 5-10% of severe asthma patients do not display any reaction or improvement to 

even maximum ICS doses.199 

Long-acting β2-agonists (LABAs) such as salmeterol or formoterol combined with low- or 

medium-dosed ICSs pose a recommended therapy for persistent asthmatics and alleviate airway 

inflammation and bronchoconstriction.198,200 LABA administration leads to smooth muscle relax-

ation and induction of rapid bronchodilatory responses due to b2 receptor activation in airway 

smooth muscle cells.201 However, LABAs alone do not pose effective asthma treatment; studies 

even reported elevated sputum eosinophil counts leading to hospitalization incidents and life-

threatening exacerbations as well as asthma-caused mortality due to sole LABA treatment. There-

fore, LABAs must only be administered in combination with ICSs.202,203  

IgE is the predominant antibody involved in atopic reactions, activating airway mast cells 

and eosinophils through mostly B lymphocytes reacting upon antigen exposure; it was found that 

serum IgE levels are up to ten times greater in allergic individuals than in non-atopic ones.204,205 

As IgE poses a nexus for immunoregulation, treatment with omalizumab, a humanized anti-IgE 

monoclonal antibody (mAb) commercially distributed as Xolair® by Novartis Pharmaceuticals, 
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results in recognition and neutralization of existing IgE, preventing its binding to MCs and there-

fore the onset of the following immune response.206,207 Omalizumab binds to the Cε3 epitope on 

IgE with 10-10 M affinity, preventing interactions with high-affinity FcεRI receptors found on MCs 

and basophils as well as low-affinity FcεRII receptors expressed on eosinophils, macrophages, 

monocytes, and platelets, eventually halting degranulation of respective immune cells.208 When 

subcutaneously administered, anti-IgE reduces unbound circulating serum IgE by 84–99% within 

60 min upon injection, lasting up to six weeks. Omalizumab causes quick downregulation of FcεRI 

expression levels due to receptor internalization and degradation, resulting in desensitization of 

and decreased histamine release from MCs and basophils.209  
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PULMONARY TRAUMATA: ACUTE LUNG INJURY  

AND ACUTE RESPIRATORY DISTRESS SYNDROME 

Definition and history. Acute lung injury (ALI) and its more severe form, acute respiratory 

distress syndrome (ARDS), have been described first by Thomas L. Petty and coworkers in 1967 

who observed notable similarities in symptoms between hospitalized patients with grave hypox-

emia and diffuse alveolar infiltrates and Vietnam War battlefield trauma victims with respiratory 

insufficiency.6,210 In the same year, the first clinical definition of ARDS emerged, proposed by 

Ashbaugh et al. who studied 12 patients with respiratory distress, cyanosis refractory to oxygen 

therapy, and a decrease in lung compliance; in 1988, an expanded definition was proposed that 

took the level of positive end-expiratory pressure (PEEP) and the ratio of partial pressure of oxygen 

in arterial blood (Pa[O2]) to the fraction of inspired oxygen (Fi[O2]) p/f, static lung compliance, 

and the degree of infiltration detectable via chest radiography into account.210,211,212 In 1994, the 

American-European Consensus Conference Committee recommended a further updated defini-

tion, which organized the scope of severity of lung injury and differentiated patients into two dis-

tinct groups: those with less severe hypoxemia having ALI and those with more severe hypoxemia 

suffering ARDS; underlying causes and involvement of further organ systems were not part of the 

existing definition.211,212,213 The most recent terminology for the classification of these respiratory 

distress syndromes was established in 2012 through the Berlin definition, which classifies three 

categories of ARDS: mild, moderate, and severe, based on the degree of acute hypoxemia, the p/f 

ratio, a PEEP greater than or equal to 5 cm of H2O, along with radiology–detectable bilateral in-

filtration that is not due to fluid overload or cardiac failure.214,215 The lung injury score acts as 

another measure that has been widely used to quantify disease severity, although it did not prove 

to reliably predict the outcome of symptoms during the first 24 to 72 hours after ARDS onset.6,216 
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Today, ALI and ARDS are clinically defined by diffuse alveolar infiltrates and severe hypoxemia 

with a p/f ratio being less than 200 mmHg for ARDS and less than 300 mmHg for ALI, pulmonary 

capillary wedge pressure (PCWP) of less than 18 mmHg, and the lack of clinical evidence of pri-

mary left arterial hypertension.6,210,217,218  

Abundance and impact. In a 2011 study, the annual average of new ALI/ARDS cases meas-

ured between 150,000 and 200,000 patients requiring intensive care unit (ICU) hospitalization with 

a 30–40% mortality rate.5 Overall, estimated 64.2–78.9 per 100,000 persons per year develop acute 

respiratory distress with an average mortality of 38.5% for ALI and 41.1% for ARDS; according 

to this statistics, approximately 190,600 people in the United States alone will develop ALI each 

year, of which 74,500 patients can be expected to succumb to the condition. 5,217,219 While some 

patients do recover completely, many survivors suffer chronic pulmonary damage and develop 

additional health problems over time.219,220,221 Despite the notable decrease of mortality ranging 

from 55-65% in the 1980s and early 1990s due to novel methods of mechanical ventilation (MV) 

techniques and improved supportive care of critically impacted patients, the death toll of 

ALI/ARDS remains intolerably high and continues to pose a significant medical challenge. 

5,212,222,223 

Clinical picture and pathogenesis. Symptoms of ALI and ARDS consist of severe pulmo-

nary inflammation, impaired vascular permeability, alveolar flooding with protein-rich exudate, 

typically termed bronchoalveolar lavage (BAL) fluid, leading to atelectasis, and an increase of 

dead volume in the lungs, therefore causing respiratory stress with an elevated minute respiration; 

final respiratory failure results in the necessity of MV.218 As ALI/ARDS is no specific disease but 

rather a complex combination of syndromes that result from lung injury, the latter can have many 

causes of both direct as well as indirect nature.6,217 Typical causes of ALI/ARDS include sepsis 



 43 

from a pulmonary source, bacterial, viral, or fungal infections, trauma, aspiration of gastric con-

tents, hyperoxia, acute eosinophilic pneumonia, radiation pneumonitis, acute pancreatitis, inhala-

tion injury, drug toxicity, and pre-existing health conditions such as collagen vascular disease and 

other autoimmune disorders.6,212,217,224  

The pathogenesis of acute respiratory distress conditions is centered around the overabun-

dance of reactive oxygen species (ROS), released by capillary endothelial cells, alveolar epithelial 

cells, an array of WBCs consistent of but not limited to eosinophils, neutrophils, and alveolar 

macrophages, dysfunctional mitochondria due to hyperoxia–induced lung tissue damage, electro-

philic xenobiotics, as well as shear stress, leading to oxidative stress.225,226,227,228 Injury of the lung 

parenchyma leads to damage of type I and type II epithelial cells of the alveoli and endothelial 

cells of the pulmonary capillaries; this results in a loss of the alveolar–capillary barrier and leakage 

of fluid from the capillaries into the interstitium and the alveoli, causing pulmonary edema, lung 

collapse (atelectasis), along with respiratory failure due to diffuse alveolar damage (DAD).229 

Within less than seven days after insult, the presence of capillary exudate in the alveoli triggers 

activation of alveolar macrophages and the release of pro-inflammatory cytokines to promote neu-

trophil infiltration, which dominantly influences the onset and development of ALI/ARDS; these 

WBCs then secrete numerous proteases and oxidants that further injure the alveolar endo- and 

epithelium by digestion of the alveolar stroma.229,230,231 As extensively described by Katzenstein 

et al., DAD poses the histological equivalent of ALI/ARDS and occurs in generally three stages. 

In the acute/early or exudative phase, distinctive hyaline membranes line alveolar spaces, edema 

build up, and acute alveolar hemorrhage arises. During the organizing or proliferative stage, the 

hyaline membranes begin to organize and granulation tissue develops within alveolar spaces, while 

type II pneumocytes begin to display reactivity by becoming hyperplastic. Squamous metaplasia 
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of the affected epithelium sets in and fibrosis spreads from where the granulated tissue becomes 

incorporated into the alveolar septa. The final resolving or fibrotic phase is characterized by dense 

collagen fibrosis and hyalinization of the alveolar walls, leading to extensive areal damage in the 

lumen. All stages occur in continuum rather than in clearly distinct phases.232,233,234  

As the critical damage is inflicted by an extensive innate immune response, understanding 

of the immunological pathway is of substantial relevance for addressing ALI/ARDS and develop-

ment of potential treatments. Pattern recognition receptors (PRRs) act as the “first line of defense” 

in the innate immune system and are therefore believed to be critical key components in the de-

velopment process as well as progression of respiratory distress syndromes.215 PRRs respond to 

two kinds of ligands: nonendogenous pathogen–associated patterns (PAMPs) and endogenous 

danger– or damage–associated patterns (DAMPs); typical DAMPs include histones and high-mo-

bility group box 1 proteins (HMG-1), common PAMPs are lipopolysaccharide (LPS) and lipo-

teichoic acid.235 Upon ligation of such pathogenetic encodings, the PRR initiates an inflammatory 

cascade through the egress of pro-inflammatory cytokines such as tumor necrosis factor α (TNF-

α), interleukin-1β (IL-1β), and interleukin-8 (IL-8), the stimulation of autophagy and apoptosis, as 

well as the induction of antibacterial components.5,236 Mitochondrial DAMPs are also heavily in-

volved in ARDS as they are responsible for the activation of neutrophils by inducing IL-8 produc-

tion, which is a potent neutrophil attractor and activator; once complexed with anti-IL-8, IL-8 

neutralizes autoantibodies that in turn interact with FcγRII receptors, which then affect neutrophil 

apoptosis. This leads to the correlation of higher mortality rates with increased plasma levels of 

mitochondrial DAMPs causing neutrophil–provoked DAD.237,238 Nucleotide–binding oligomeri-

zation domain–like receptors (NLRs) are cytosolic PRRs widely expressed on WBCs and 
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epithelial cells that come in contact with invading pathogens and are therefore of great medicinal 

interest.235 

Diagnosis, treatment, and experimentation. ALI/ARDS is generally diagnosed radiologi-

cally; in the early exudative phase, bilateral and patchy ground-glass densities corresponding to 

interstitial edema and hyaline membranes, as well as areas of lobular sparing and lower lobe con-

solidation are typically observed.239 The advanced proliferative stage features traction bronchio-

lectasis or bronchiectasis in areas of increased attenuation on high-resolution computer tomogra-

phy (HR-CT) scans.240  

Treatment of ALI/ARDS is majorly of supportive character with MV and oxygenation at 

normal cardiac function, along with nutritional support and occasional administration of nitric ox-

ide (NO) as well as corticosteroids; this, however, does not address the actual cause of the condi-

tion.231,241 In fact, ALI/ARDS can be aggravated by MV as extended artificial ventilation may lead 

to ventilation–induced lung injury (VILI), including volutrauma (from lung overdistension), ba-

rotrauma (from direct effects of high pressure of the lung), atelectrauma (from shear stress of re-

petitive opening and closing of alveoli), and biotrauma (from the generation of cytokines and in-

flammatory cascades).242,243 Recovery of ALI/ARDS does not only compromise of the relief from 

harmful agents but is a prolonged process consisting of active removal of apoptotic WBCs, tissue 

remodeling, and resolution or drainage of bronchoalveolar exudate: alveolar edema are resolved 

through active transport from distal air spaces into the lung’s interstitium; water permeates pas-

sively in the form of diffusion through transcellular water channels such as aquaporins; and soluble 

protein is believed to be removed via endocytosis and transcytosis by the alveolar epithelium as 

well as phagocytosis by local macrophages.244,245,246 During stepwise recovery, type II alveolar 

epithelial cells proliferate to cover damaged matrix and differentiate into type I epithelial cells, 
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resolution typically occurs within 6–12 months and can leave lasting respiratory impair-

ment.229,231,247 Great improvement of ARDS patient survival was achieved with low-tidal volume 

ventilation with tidal volumes of 6 mL/kg of body weight with higher PEEP and permissive hy-

percapnia when compared to conventional MV tidal volumes of 12 mL/kg of body weight and a 

target carbon dioxide pressure of 35-38 mmHg; this decreased the mortality rate from 71% to 38% 

with significantly less barotrauma and a higher rate of successful weaning from ventilation.248 

Extended glucocorticoid (GC) therapies – with GCs being end-effectors of the hypothalamic-pitu-

itary-adrenal axis and therefore important natural inhibitors of inflammation249 – with extended 

methylprednisolone administration of 2 mg/kg/day to ARDS patients gave promising results in 

single initial studies, yet later on failed to display significant differences between mortalities of 

GC recipients vs placebo (63.5–76% vs 46–61%).250,251 Experimental models developed to study 

ALI/ARDS syndromes in vivo include direct lung injury induction through intratracheal or intrana-

sal administration of bacteria or bacterial products such as LPS from outer cell wall of gram neg-

ative bacteria to reproduce diffuse pneumonia, administration of hydrochloric acid (HCl) or gastric 

particulates to reproduce aspiration, administration of high inspired fraction of oxygen to induce 

hyperoxia, or induction of ischemia/reperfusion (I/R), i.e. ischemia–reperfusion injury (IRI) by 

clamping the hilum. Indirect lung injury can be induced by reproducing sepsis using cecal ligation 

and puncture, administration of intravenous bacteria or LPS, or mesenteric I/R. Animal models of 

VILI commonly consist of MV with high tidal volumes and low PEEP.231,252  

As the rebuilding of alveolar tissue poses the key aspect of recovery from respiratory dis-

tress, cellular barrier function, stability, and affection are of great medicinal interest for the treat-

ment of ALI/ARDS. Non–muscle myosin light chain (MLC) kinase isoform (nmMLCK) plays a 

substantial role in cytoskeletal rearrangement of endothelial cells regulating vascular barrier 
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function, angiogenesis, and leukocyte diapedesis; especially cellular leukocyte extravasation, the 

movement of leukocytes out of the circulatory system and towards the site of tissue damage or 

infection, as a central part of the innate immune response process recruiting non-specific leuko-

cytes to the site of inflammation.218,253,254 nmMLCK regulates cellular actomyosin contraction 

through phosphorylation of MLCs and is therefore considered an ALI–modulating target of high 

interest. nmMLCK, along with two other proteins, is encoded in the myosin light chain kinase 

(MYLK) gene; both single nucleotide polymorphisms (SNPs) as well as haplotypes show strong 

association in European and African descent ethnic groups with a fivefold increase in the risk of 

developing sepsis–induced ALI and severe sepsis.255,256 Overall 17 MYLK genetic variants with 

respective identified SNP are also highly associated with asthma and asthma-related pheno-

types.257 Another intriguing intercellular signaling agent regulating cellular shape and barrier func-

tion is S1P and its agonism on S1P1 enhances endothelial cell (EC) barrier function in vivo and in 

vitro; administration of S1P1 antagonists disrupts EC barrier integrity while agonists like 

SEW2871 and FTY720 enhance barrier integrity.258,259,260,8,383 This makes S1P1 an attractive aim 

for ALI/ARDS treatment as it is the target for transactivation by receptors for other barrier-protec-

tive agonists, including the endothelial activated protein C receptor, the c-Met receptor for hepato-

cyte growth factor, and the CD44 receptor for high molecular weight hyaluronan.261,262 
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CHAPTER 2 

SPHINGOLIPID IMMUNOREGULATION 
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HOMEOSTASIS OF SPHINGOLIPIDS IN EUKARYOTES 

Discovery of sphingolipids. Sphingolipids represent a vast family of lysophospholipids 

found in all eukaryotic organisms – including plants – and are part of a dynamic homeostasis 

constantly maintaining a plethora of biologically active metabolites and therefore regulating an 

array of cellular signaling pathways.7,263 Discovered and isolated from bovine brain matter by Jo-

hann Ludwig Wilhelm Thudichum in 1884, the archetypical sphingoid base sphingosine was 

named after the Greek mythological creature Sphinx due to its “enigmatic nature”.264 The lyso-

phospholipid’s chain length was determined being a C18 chain by Klenk and Diebold in 1931, yet 

it was Herbert Carter in 1942 who finalized the elucidation of the chemical structure of sphingosine 

by assigning the pattern of heteroatomic substituents on the linear carbon backbone, identifying 

the fundamental sphingoid base as (2S,3R)-2-aminooctadec-4-trans-ene-1,3-diol – or D-erythro-

sphingosine.265,266 

De novo biosynthesis. Sphingosine acts as the substrate for an array of diverse sphin-

golipids and is therefore one of the key intermediates of the complex lysophospholipid metabolism 

continuously forming and degrading bioactive metabolites in a live organism (Scheme 1).8,267 The 

concept of “membrane compartmentalization” is crucial for comprehension of sphingosine biology 

as the intermediates’ concentrations in distinct cellular compartments dictate the dynamic balance 

between biosynthesis and degradation of the various sphingolipid metabolites, with most of the 

enzymes responsible for the lipids’ metabolism also being membrane-bound.268 The cytoplasmic 

side of the endoplasmic reticulum (ER) poses the starting site of de novo sphingolipid biosynthesis 

where L-serine and palmitoyl-CoA are condensed by serine palmitoyltransferase to give 3-keto-

sphinganine.269,270,271 Reduction of 3-ketosphinganine to dihydrosphingosine – also known as 

sphinganine – is followed by N-acylation by one of six known ceramide synthases (CerS1–CerS6), 
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generating dihydroceramides whose acyl chains range from C14 to C26 chain lengths. N-acylation 

of dihydrosphingosine with palmitic acid then gives dihydroceramide, another intermediate in the 

sphingosine biosynthesis pathway.7,8,272 

 

 

Scheme 1. Homeostasis of sphingolipids in eukaryotes: de novo biosynthesis occurs from L-serine and 
palmitoyl coenzyme A; ceramide as the central sphingoid metabolite poses the substrate for sphingosine, 
sphingomyelin, and ganglioside generation; sphingosine and S1P mark the degradation pathway of sphin-
golipids towards phosphoethanolamine and hexadecanal.8 

 

Ceramide. Introduction of a double bond through the oxidation of the C4 position of dihy-

droceramide by dihydroceramide desaturase generates ceramide, another key metabolite and reg-

ulatory nexus of sphingolipid homeostasis.8,272 The attachment of different polar head group at the 

C1 hydroxyl position allows the formation of a myriad of higher sphingolipids that ceramide serves 

as a substrate for within the Golgi apparatus – each stack of which may be considered a separate 

membrane compartment. Attachment of a phosphatidyl choline group at the primary hydroxyl 
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group gives sphingomyelin; glycosylation leads to glucosylceramide, the simplest glycosphin-

golipid that can be converted into significantly more complex gangliosides by other glycosyltrans-

ferases.273,274 

Gangliosides. Glycosphingolipids comprised of a ceramide core carrying an oligosaccha-

ride and one or multiple sialic acid residues display vastly heterogenous and diverse structural 

features in both their carbohydrate moieties as well as their lipid chains.275,276 Based on their car-

bohydrate structures, these essential lipid components are classified into the ganglio- (Gg), isogan-

glio- (iGg), lacto- (lc), neolacto- (nLc), lactoganglio- (LcGg), globo- (Gb), isoglobo- (iGb), muco- 

(Mc), gala- (Ga), neogala- (nGa), mollu- (Mu), arthro- (At), schisto-, and the spirometo-series; 

specifically, acidic glycosphingolipids containing one or more sialic acid (N-acetylneuroaminic 

acid or N-glycolylneuroaminic acid) residues in their carbohydrate chain are called gangli-

osides.277,278 Discovered and named by German biochemist Ernst Klenk upon analysis of postmor-

tem brain tissues of Tay-Sachs disease patients in the early 1930s, gangliosides occur ubiquitously 

in tissues and body fluids, yet are found to be most abundant in the nervous system.279,280,281,282 As 

of 2004, 188 gangliosides have been identified in vertebrate tissues.278 Major cerebral ganglioside 

species include GM1, GD1a, GD1b, and GT1b, all contributing to the lipid composition of plasma 

and cellular membranes.283 GM1 and other gangliosides are components of lipid rafts and mem-

brane signaling domains and take active part in regulating signal transduction for direct neuronal 

development and cell survival, cell–cell recognition and adhesion within specific cell surface do-

mains termed caveolae, as well as for the modulation of a wide variety of cell functions, including 

calcium homeostasis, mitochondrial function, and lysosomal integrity.284,285,286,287,288,289,290 Within 

cells, gangliosides are primarily located in outer leaflets of plasma membranes; on the cell surface, 
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they often form lipid rafts or other glycosphingolipid-enriched formations with other membrane 

components such as sphingomyelins and cholesterol.291,292  

Ganglio-series glycosphingolipids carrying no, one, two, or three sialic acid residues(s) on 

the inner galactose moiety are differentiated into asialo-, a-, b-, and c-series gangliosides. Further-

more, gangliosides with sialic acid functionalities attached to the inner N-acetylgalactosamine res-

idue are named α-series gangliosides.277 Ganglioside biosynthesis primarily takes place in the en-

doplasmic reticulum (ER) while further modification occurs in the Golgi apparatus by sequential 

condensation of the sphingolipid with respective carbohydrate moieties, catalyzed via a series of 

glycosyl transferases.293 Except for GM4, which has its origin in galactosylceramide (GalCer) the 

majority of gangliosides is generated from lactosylceramide (LacCer) and sialic acid; initially, the 

addition of sialic acid to LacCer by CMP-sialic acid: LacCer α2–3 sialyltransferase (ST-I or GM3 

synthase) gives the simple ganglioside GM3 that poses the substrate for further ganglioside deriv-

atives. GD3 and GT3 are generated through the consecutive condensation of further sialic acid 

units to GM3 and GD3, respectively, either by CMP-sialic acid: GM3 α2–8 sialyltransferase (ST-

II or GD3 synthase) or by CMP-sialic acid: GD3 α2–8 sialyltransferase (ST-III or GT3 synthase). 

GM3, GD3, and GT3 then serve as the source for biosynthesis of more complex glycosphin-

golipids belonging to the a-, b-, and c-series of gangliosides whose generation is catalyzed by 

UDP-GalNAc: LacCer/GM3/GD3/GT3 β1–4 N-acetylgalactosaminyltransferase (GalNAcT or 

GA2/GM2/GD2/GT2 synthase), UDP-Gal: GA2/GM2/GD2/GT2 β1–3 galactosyltransferase 

(GalT-II or GA1/GM1/GD1b/GT1c synthase), CMP-sialic acid: GA1/GM1/GD1b/GT1c α2–3 si-

alyltransferase (ST-IV or GM1b/GD1a/GT1b/GQ1c synthase), and CMP-sialic acid: 

GM1b/GD1a/GT1b/GQ1c α2–8 sialyltransferase (ST-V or GD1α/GT1aα/GQ1bα/GP1cα syn-

thase).277  
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Gangliosides play essential function and are responsible for functional maturation of the 

cochlea during early development, regenerative capabilities of damaged hypoglossal nerves, 

maintenance and speed of neuronal transduction and motoric reactivity, as well as neuropsycho-

logical balance, as tested in murial ST-I–III knockout models, that – depending on what gangli-

osides and/or enzymes synthesizing respective glycosphingolipids were deactivated – displayed 

deafness, weight loss, neuronal degeneration with substantial loss of motoric capabilities, in-

creased susceptibility to spinal and brain jury with decreased regenerative potency, and a general 

increased mortality, reflected by a significantly shorter lifespan than the wild 

type.294,295,296,297,298,299,300,301,302,303,304,305,306 Therefore, dysregulation of ganglioside biosynthesis is 

strongly associated with the pathogenesis of neurodegenerative disorders but also diseases of other 

nature, including but not limited to Alzheimer’s disease, the autoimmune disorder of Guillain-

Barré syndrome, influenza A, and lysosomal storage diseases such as aforementioned Tay-Sachs 

disease or Sandhoff disease, where respective glycosphingolipids pose access points for viral in-

fection or malformed or mis-synthesized gangliosides cause structural degeneration, leading to 

symptom outbreak.307,308,309,310,311,312,313,314  

Sphingomyelin (SM). Sphingomyelin (SM) is formed by the condensation of phosphory-

lcholine and ceramide, catalyzed by CMP-phosphorylcholine transferase.8 As a result, SM units 

consist of three domains: a phosphocholine head group, a fatty acid chain, and a sphingosine back-

bone both are attached to; the sphingosine core and the N-acylated fatty acid can be summarized 

as a sphingoid ceramide core. SM typically contains 16:0, 18:0, 22:0, 24:0, and 24:1 acyl chain 

with the most abundant species found in mammalian tissues being 16:0.315 SM regulates multiple 

cellular processes, including but not limited to cell growth, apoptosis, senescence, migration, in-

flammation, angiogenesis, and intracellular trafficking.316,317 While the Golgi apparatus poses the 
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major site of SM synthesis, 80–85% of cellular SM is found in the anticytosolic (extrafacial) leaflet 

of plasma membranes.318,319,320,321,322 SM vastly contributes to the formation of protein-enriched 

membrane microdomains named lipid rafts by strong interactions with cholesterol, various 

ceramides, and different glycosphingolipids.323 Almost 70% of all cellularly occurring SM is in-

corporated into respective lipid microdomains, which are heavily involved in cellular signaling, 

protein sorting, and membrane trafficking.318,324,325,326,327,328  

The presence and concentration of SM in distinct cellular compartments not only ensures 

the functionalities of such but also dictates their morphology; the gradient of SM in the cisternae 

of the Golgi apparatus defines their shape and spread with lower SM concentrations resulting in 

cistern curling.329 Externally induced SM breakdown in CD4+ TH2 lymphocyte membranes regu-

lates the organization of ceramide-rich lipid rafts responsible for T cell homeostatic activity and 

cytoskeletal dynamics crucial for initiation of the leukocytes’ motility and interaction with endo-

thelia and antigen-presenting cells.330 Particularly prominent and therefore well–investigated is the 

characteristic of SM to associate and even co-localize with cholesterol in cellular membranes, 

strictly regulating cholesterol homeostasis of the latter; cholesterol desorbs more slowly in SM-

rich membranes and domains and is effectively trapped in SM-containing acceptor vesi-

cles.331,332,333,334 Simultaneously, cholesterol promotes phase separation of SM, while SM requires 

defined cholesterol levels to remain detergent-insoluble.335,336,337,338  

Due to its cellular morphology and compartmentalization establishment, SM levels are 

critical for an organism’s function maintenance; disturbance of this homeostasis leads to severe 

and typically fatal disorders. Acid sphingomyelinase (ASM) and neutral sphingomyelinase (NSM) 

are glycoproteins that catalyze the degradation of SM to ceramide and phosphorylcholine within 

lysosomes.339 Genetic deficiency of ASM leads to accumulation of SM, resulting in the rare 
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disorder of the Niemann-Pick disease (NPD) type A or B.340 NPD type A has a particularly high 

fatality, typically still during infant age of 2–3 years, with patients showing symptoms such as 

simultaneous abnormal enlargement of the liver and spleen (hepatosplenomegaly), enlargement of 

the lymph nodes (lymphadenopathy), and hypotonia; psychomotor retardation, microcytic anemia, 

osteoporosis, and brownish-yellow coloring of skin mark later stages of the disease until the patient 

eventually loses contact with the environment, followed by decease.341 NPD type B is phenotypi-

cally variable and patients have longer life expectations, often reaching adulthood with enlarged 

liver and spleen and progressive pulmonary infiltration.341  

Degradation pathway: sphingosine and sphingosine-1-phosphate (S1P). Degradation by re-

versible deacylation of ceramide by ceramidase is so far the only proven pathway for the biosyn-

thesis of sphingosine and provides a dynamic balance between sphingosine and ceramide.7,342 

Phosphorylation of sphingosine itself by sphingosine kinases type 1 and 2 (SK1, SK2) yields 

sphingosine-1-phosphate (S1P), which, in turn, is dephosphorylated by sphingosine-1-phosphate 

phosphatases type 1 and 2 (SPP1, SPP2) in the ER.7,343,344 Also found in the ER, the pyridoxal-

dependent S1P lyase is responsible for the irreversible degradation of S1P into phosphoethanola-

mine and hexadecenal (Scheme 1).8,343,345,346 
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SPHINGOSINE-1-PHOSPHATE RECEPTOR 1:  

A NEXUS OF IMMUNOREGULATION 

G protein–coupled receptors. Ceramide, sphingosine, and S1P are all central key metabo-

lites for the regulation of cellular growth, proliferation, as well as vascular and epithelial integ-

rity.268,347,348 S1P in particular is responsible for cell survival; it is a key stimulant for the initiation 

of chemotaxis, angiogenesis, vascular maturation, receptor-specific regulation of endothelial bar-

rier integrity and vascular permeability.349,350,351 S1P mobilizes internal calcium sources inde-

pendently of inositol triphosphate, which is essential for proliferation and suppression of apopto-

sis.352,353,354,355 For modern medicine, the most intriguing aspect of S1P is its role in innate and 

adaptive immunity which includes regulation of the immune response, immunosurveillance, as 

well as leukocyte differentiation and lymphocyte trafficking by binding to one of five known S1P–

activated G protein–coupled receptors (GPCRs).347,356,357  

GPCRs, also known as seven transmembrane (7TM) receptors, represent the largest super-

family of cell surface proteins in mammals, accounting for overall 4% of the entire human genome, 

and are responsible for an array of essential cellular functions, including cell survival, prolifera-

tion, and motility.358,359 Due to this pathogenetic key role character, GPCRs pose a major drug 

target as approximately 34% of all FDA-approved drugs are designed to aim for this receptor fam-

ily.358 Based on their amino acid sequences and functional similarities, both vertebrate as well as 

invertebrate GPCRs are generally divided into six classes or families;360,361  

Class A (Rhodopsin): With over 800 family members, rhodopsin-like 7TM proteins con-

stitute the largest family of GPCRs, accounting for about 80% of all GPCRs, and include hormone, 

neurotransmitter, and light-sensitive/reactive receptors responsible for vision, taste, olfaction, en-

docrine system regulation, as well as the  activation and maintenance of the immune system.362,363 
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Class B (Secretin): Counting 18 receptors, the secretin-like family of GPCRs bind physio-

logically relevant peptide substrates for downstream signal transduction and play a key role in 

hormonal homeostasis, therefore posing high interest drug targets for the treatment of cardiovas-

cular diseases, type 2 diabetes and obesity, as well as psychiatric disorders.364 

Class C (Glutamate): The metabotropic glutamate GPCR family include calcium-sensing 

receptors, γ-aminobutyric acid (GABA) receptors, and taste receptors and contain a characteristic 

large extracellular N-terminal domain of roughly 600 residues responsible for ligand binding.363 

Class D (Fungal mating pheromone): Classified as fungal mating factor receptors, the 

highly similar GPCRs STE2 and STE3 were determined from the genome of Saccharomyces cere-

visiae and are believed to be responsible for the regulation of the fungus’ cell division cycle.363,365 

Class E (cAMP): Cyclic adenosine monophosphate (cAMP) GPCRs were found in the soil-

dwelling amoeba Dictyostelium discoideum and act as chemoattractant receptors, being responsi-

ble for the aggregation of single cells, eventually forming a multicellular organism during the de-

velopment of respective slime molds.366  

Class F (Frizzled/smoothened): Frizzled class GPCRs contain ten frizzled receptors 

(FZDs) and one smoothened receptor (SMO) and are mediating essential signaling during embry-

onic development and tissue homeostasis in nearly all faunal life; their dysregulation often leads 

to cancerous disorders.367 

A more recent classification known as GRAFS focuses on human GPCRs and divides these 

into five families: Glutamate (class C), Rhodopsin (class A), Adhesion (class B2), Frizzled/Taste2 

(class F), and Secretin (class B1) receptors.368,369  

GPCRs are characterized by a similar and often highly conserved structure;370 these cell 

surface receptors are comprised of an extracellular face containing the N-terminus and three 
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extracellular loops (ECLs) and an cytosolic site formed by the C-terminus and three intracellular 

loops (ICLs) that bind to the heterotrimeric G protein from the cytosol. The central component of 

the receptor is a connecting heptahelical transmembrane domain consisting of seven highly hydro-

phobic α-helices that penetrate the lipid bilayer, anchoring the receptor in the latter.371 The helices 

create an intrahelical polar tunnel that often contains both the receptor’s active site as well as a 

sterically controlled conformational switch that dictates agonism or antagonism.372 

Endothelial differentiation gene receptor family. Initially named the endothelial differenti-

ation gene (EDG) family, later on redefined after their substrate, five class A lysophospholipid 

GPCRs have been identified as the sphingolipid–mediated intercellular transduction gateways: the 

sphingosine-1-phosphate receptor type 1 (S1P1; EDG1), type 2 (S1P2; EDG5), 3 (S1P3; EDG3); 4 

(S1P4; EDG6), and 5 (S1P5; EDG8).373 S1P1 was the first sphingosine-1-phosphate receptor 

(S1PR) identified in 1990 through the isolation of clones from primary cultures of human umbilical 

vein endothelial cells induced by phorbol-12-myristate 13-acetate (PMA) and deorphanized in 

1998.374,375,376 Agonism of S1P1 is a key event for the activation of the immune system by inducing 

regulation of differentiation, egress, and migration of a variety of immune cells, including macro-

phages, mast cells, natural killer cells, dendritic cells, neutrophils, and haematopoietic precur-

sors.347,377 Differentiation, recirculation, and trafficking of T and B lymphocytes, in particular, 

plays a central role in the development of autoimmune diseases and is mediated through S1P, 

making S1P1 a pharmacological target of high priority.377 Activation of S1P2 inhibits cellular mi-

gration; agonism of S1P3, on the other hand, triggers random cellular mobility. Agonism of S1P4 

induces cytoskeletal rearrangement, resulting in peripheral stress fiber formation and cell round-

ing, overall regulating cell shape. S1P5 has been found to regulate immune quiescence of the brain 

endothelial barrier and traffics autophagy of natural killer cells, especially in cancerous cells.373  
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Three of the five known S1P receptor (S1PR) types are expressed ubiquitously, making 

receptor specificity of drugs targeting S1PRs crucial as the five S1P receptors display vastly dif-

ferent physiological effects upon activation.378,379 S1P4 and S1P5 occur only in distinct kinds of 

cells, however, S1P1–3 show omnipresent expression.379 Agonism of S1P1 and S1P3 by S1P induces 

differential effects on endothelial cell barrier integrity with S1P1 linked to Rac GTPase activation 

of the actin cytoskeleton and barrier enhancement.380,381 In contrast, ligation of S1P3 is linked to 

Rho-dependent cytoskeletal rearrangement and barrier disruption, triggering nondirectional cellu-

lar migration.380,382,383 Activation of S1P1 in particular promotes the egress of T and B lymphocytes 

from local lymphoid organs in the case of an immune response and controls migration of a variety 

of cell types – including endothelial and smooth muscle cells – which plays a central role in angi-

ogenesis.377,384,385 Binding of S1P to S1P2, however, ceases cellular motility through downregula-

tion of Rac activity as well as membrane ruffling, and favors retention of B leukocytes in germinal 

centers.386 Due to this diversity of inter- as well as intracellular signaling, the distribution of S1PRs 

can trigger and regulate vastly complex processes in a tissues, depending on the receptors’ expres-

sion patterns.  

Physiological and pathological relevance. Agonism on S1P1 is associated with a plethora 

of diverse reactions including but not limited to homeostasis responses, cell survival enhancement, 

CNS protection, lymphocyte egress, and promotion of BBB permeability.387 S1P1 binds exclu-

sively to the Gi/o α-subunit of heterotrimeric G proteins, halting adenylyl cyclase and therefore 

reducing cAMP production. In contrast, S1P2–5 couple with Gi/o and also G12/13 G protein subu-

nits to enhance Rho activation and hence inhibiting Rac pathways; S1P2 and S1P3 also couple with 

Gq to trigger phospholipase C (PLC).388 In comparison, S1P1 activates the phosphatidylinositide-

3-kinase (PI3K)/Rac pathway to promote cytoskeletal rearrangement, triggering chemotaxis.268 
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S1P1 is further known to induce the intracellular influx of Ca2+, to stimulate pathways involving 

the Ras family of small GTPases and extracellular signal-regulated kinas (ERK), to enhance cel-

lular proliferation, and to activate the PI3K/Akt (protein kinase B) pathway to halt apoptosis.372  

S1P1 plays a central role in immunoregulation and activation of the immune response. S1P1 

agonism triggers the egress of IL-17–producing Vγ4+ γδ T cells from local lymph nodes under 

homeostatic and inflammatory conditions during an immune response.389 S1P–induced agonism 

of S1P1 also inhibits regulatory T cell (TREG cell) function by blocking the differentiation of thymic 

TREG cell precursors and the function of mature TREG cells, preventing the suppressive effects of 

TREG cells on TH17 lymphocyte formation and modulating TREG cell–mediated immune tolerance; 

this occurs through the S1P1–dependent activation of the PKB/mammalian target of the rapamycin 

(mTOR) pathway, which regulates the adaptive immune response.390 S1P1 is further responsible 

for the release of mature B lymphocytes from secondary lymphoid organs; therefore, S1P1 defi-

ciency results in a decrease of B cell blood levels due to enhanced apoptosis of immature B lym-

phocytes in contact with the vascular system.391 S1P1 deficiency also delays the differentiation of 

of oligodendrocyte progenitors (OPCs) into oligodendroglial cells (OLGs), accompanied by de-

creased levels of myelin basic protein.392,393  

Substantial evidence has been gathered that S1P1 is involved in cancer including SK1-

induced transformation, EMT, invasiveness, regulation of cancer cell survival and replicative im-

mortality, regulation of tumor neovascularization, as well as changes in cellular metabolism.394,395 

S1P–mediated activation of S1P1 is also implicated in the expression of hyperoxia-inducible factor 

2 α (HIF2α), which drives aggressive cancer.396 Therefore, high S1P1 expression levels in tumors 

from estrogen receptor positive (ER+) breast cancer patients are associated with shorter survival.397 
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S1P1 is also required for healthy cardiac development as it was shown by ventricular 

noncompaction and ventricular septal defects leading to perinatal lethality that developed upon 

S1P1 knockout in in vivo experiments.398  

Receptor activation. Hanson and coworkers were the first to deliver experimentally ob-

tained X-ray diffraction data from S1P1 co-crystallized with an antagonist bound to it in 2012.399 

This first crystal structure of a lysophospholipid GPCR delivered insight into a class A–typical, 

highly conserved D(E)RY motif in the third transmembrane helix (TM3) and the NPxxY motif in 

TM7 which are now known to be crucial for the transformation of the receptor’s inactive state into 

its active conformation.399 Following early calculations and homology models in silico indicated 

an internal interhelical hydrogen bond network connecting the amino acid residues N631.50 to 

D912.50, N862.45 to S1343.42, N862.45 to W1684.50, D912.50 to S3047.46, S1313.39 to S3047.46, and W182 

to H201; remarkably, TM6 appeared not to participate in this interhelical hydrogen bond net-

work.400 The N-terminus was observed to fold over the receptor by the formation of a helical cap, 

limiting further access to the active site which located closer to the receptor’s extracellular face. 

Tight packing of ECL1 and ECL3 against the N-terminus further obstructs accessibility of the 

receptor to potential ligands, giving a possible explanation for the slow ligand uptake by the re-

ceptor observed during substrate saturation experiments in vitro. ECL2 and ECL3 are additionally 

stabilized by intraloop disulfide bonds.399 These findings allowed the conclusion that ligand bind-

ing in S1P1 – and therefore presumably in all S1PRs – occurs through initial embedding of the 

substrate into the extracellular portion of the cell membrane, followed by a locking event of the 

ligand’s hydrophilic part into the receptor’s polar active site, and concluded by final lateral diffu-

sion of the remaining ligand portion into the helical transmembrane domain of the GPCR, presum-

ably entering the receptor channel between TM1 and TM7.401 This led to a quick determination of 
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a dual-site binding model of S1PRs; the interactions between the sphingolipid substrate’s polar 

head group with the hydrophilic binding site of the receptor, as well as the interactions of the 

nonpolar (typically) acyl chain of the ligand with the hydrophobic transmembrane domain of the 

GPCR both contribute to successful activation – or antagonism – of the receptor.402,403 Ligand–

receptor analysis showed that sphingolipid–based ligands in D-erythro and dihydro form display 

greater affinity for S1PR binding, indicating the orientation of the amino and hydroxyl substituents 

at the C2 and C3 carbons being essential for the ligand’s attraction to the receptor.404 S1P1 and 

S1P5 were reported to show greater affinity for unsaturated ligands that dock into the receptors in 

an extended conformation; S1P4, in turn, substrates were observed to show tendency to bind in a 

folded or bent conformation due to a 4 Ångstrom shorter binding pocket.405 Furthermore, two 

classes of S1PR ligands are being distinguished: “classic” structurally sphingolipid–based sub-

strates featuring a polar head group and an aliphatic hydrophobic tail are considered class I ligands; 

class II substrates do not require a polar head group and rely mostly on the highly conserved 

W2696.48 residue in TM6 for effective binding and receptor activation.404 

Class I sphingoid ligands were observed to insert into S1P1 with the hydrophobic tail point-

ing “downwards”, i.e. towards the intracellular side of the receptor between the transmembrane 

helices, interacting predominantly with residues of TM3, TM5, and TM6.406 Mutation analysis of 

S1P1 showed that residue F2105.47 is particularly crucial for receptor activation; other transmem-

brane residues relevant in the ligand binding event are F1253.33, F2726.51, and especially W2696.48, 

which is in position for close edge-to-face contact with F2656.44.406 Activation of GPCRs such as 

the β2 adrenergic receptor (β2-AR), rhodopsin, or the µ-opioid receptor is characterized by a rear-

rangement of TM5, TM6, and TM7 to accommodate the G protein in the intracellular pocket; 

multiple microswitches are involved in this conformational change, including a dihedral switch of 
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the conserved W6.48, inward movement of the NPxxY motif of TM3, a conformational change of 

the D(E)RY motif, both constraining the receptor’s transmembrane helices. The rearrangement of 

TM5–7 leads to close interactions between Y2215.58 and Y3117.53 either through a direct or a wa-

ter–bridged hydrogen bond.407,408,409,410,411,412 In S1P1, S1P–induced agonism is initiated by a rota-

meric conformational change in W2696.48 from the gauche to the trans conformation due to agonist 

binding; this leads to further rearrangements downstream, including residues D912.50 and N3077.49 

of the NPxxY motif, as well as interactions between TM1 and TM4, and TM2 and TM7.413,414 

Another essential part of GPCR activation is significant water influx into the interhelical domain 

of the receptor, possibly contributing via allosteric effects.415,416,417 Accelerated molecular dynam-

ics (aMD) calculations determined that during S1P1 activation, four water molecules enter the re-

ceptor pocket around residue Y2215.58 and five water molecules in the vicinity of Y3117.53 when 

modeled in apo (ligand-free) state; when in active state, the receptor retained these water molecules 

for longer periods of time rather than when in intermediate or inactive state.418  

Such MD calculations and in silico docking simulations can provide valuable insight into 

the microcosmos of receptor activation and triggering of agonism vs. antagonism, allowing sys-

tematic pursuit of novel synthetic substrates with desired effects on targeted receptors. 
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CHAPTER 3 

SYNTHETIC IMMUNOMODULATORS 
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SPHINGOLIPID–BASED SPHINGOSINE-1-PHOSPHATE RECEPTOR 1 MODULATORS 

FTY720 (Fingolimod, Gilenya®). Since agonism of S1P1 induces the vast majority symp-

toms of prominent autoimmune diseases like asthma and MS, most synthetic drugs are designed 

to target specifically S1P1.419,420 The most prevalent drug on the market for treatment of autoim-

mune disorders is fingolimod, commercially distributed by Novartis as Gilenya® (Figure 1). Sci-

entifically codenamed as FTY720, this artificial sphingosine analog was developed by Yoshitomi 

Pharmaceutical Industries in 1992 and approved by the FDA in 2010.8,420 The derivative of the 

natural sphingoid product myriocin (ISP-I) that was originally found in the fungus Isaria sinclairii 

acts as an immunosuppressant, binding competitively to S1PRs. Its binding to the GPCR initiates 

the receptor’s internalization, followed by ubiquitination, which eventually leads to the protein’s 

proteasomal degradation.420,421,422 Such decrease in S1P1 expression levels renders affected cells 

unresponsive to S1P, which in turn ceases differentiation and egress of lymphocytes that would 

otherwise target inflammatory tissues.423,424,425 This effect drastically reduces the frequency and 

severity of relapses in RRMS.426 In a clinical study on healthy human subjects a 1 mg dose of 

FTY720 decreased peripheral blood lymphocyte concentration by 38 ± 9% within the first 2 days; 

baseline level was reached again over 168 hours.427 Despite its effectiveness, FTY720 displays 

numerous side effects that are assumed to be a result of its receptor promiscuity; the in vivo gen-

erated (S)-monophosphate acts as a substrate for all S1P receptors except S1P2.423,428 Agonism of 

S1P1 was reported to induce bradycardia, whereas activation of S1P3 has been linked to the devel-

opment of hypertension.429,430 Other common adverse effects experienced by patients subjected to 

fingolimod are headache, fatigue, diarrhea, and nausea; the most troubling observation, however, 

is that recipients of fingolimod experience more severe MS relapses of even greater flareup fre-

quency once fingolimod medication is halted.8,431 Notably, some patients display polymorphism 
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of S1P1, rendering these individuals resistant to fingolimod treatment; S1P1 mutations within the 

sequence of residues I45 to T and G305 to C cause immunity of the receptor to FTY720–induced 

degradation.432 

AAL-R. Synthesized in 1998, the chiral, structurally close FTY720 derivative AAL-R also 

relies on in vivo phosphorylation in order to produce an antagonist for all S1P receptors except 

S1P2 (Figure 1).433,434 The more potent (R) enantiomer effectively inhibits virus–induced chemo-

kine and cytokine production.434,435 AAL-R deploys its bioactivity through suppression of cyto-

kines IL-1a, IL-1b, IL-6, IL-10, MCP1, and TNFa.436,437 It also stimulates DC maturation and 

induces T cell activation in the case of an infection with the lymphocytic choriomeningitis virus 

(LCMV).436,438 AAL-R proved to be particularly potent in the treatment of external infections like 

cases induced by Bordetella pertussis.8,439 

VPC Series. Based on structure–activity relationship (SAR) studies performed on FTY720 

and its bioactive (S)-monophosphate metabolite, Clemens and coworkers and Davis et al. designed 

the fingolimod-phosphate derivatives VPC22277, VPC44152, VPC22173, and the meta equiva-

lents VPC23019 and VPC44116.8,440,441 VPC22277, VPC 44152, and VPC22173 showed clear 

S1P1 and S1P3 agonism by inhibiting T24 cell migration, whereas VPC23019 displayed S1P1/3 

antagonism.440 The meta analog was reported to be a potent competitive antagonist for S1P1 and 

S1P3, did not target S1P2, and caused agonism of S1P4 and S1P5.441,442 However, the stability of 

VPC23019 was inferior as the compound featured a short half-life due to quick in vivo dephosphor-

ylation of the synthetically installed phosphoester.441 The phosphonate counterpart VPC44116 dis-

played enhanced cellular stability in vivo in experiments with rodents due to resistance towards 

SPP1–2.443 In 2011, Kennedy et al. reported the sphingoid cyclobutane derivative VPC03090 that 
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is converted by SK2 to the corresponding phosphate, which then acts as a S1P1 and S1P3 antagonist 

(Figure 1).444  

 

Figure 1. Synthetic sphingolipid–based S1PR modulators.8 

 

W146 (ML056). A shorter C6 lipophilic tail chain causes a dramatic increase in S1P1 se-

lectivity; compound W146, also termed ML056, is a highly selective S1P1 meta substituted antag-

onist that does not target S1P2, S1P3, or S1P5, systematically blocking S1P1 in the vascular system, 

causing transient lymphopenia and an increase of CD4+ and CD8+ lymphocyte populations in 

lymph nodes in rodent experiments (Figure 1). 8,445,446 While featuring equivalent potency when 

compared to its corresponding phosphate ester equivalent, the phosphonate W146 showed much 
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greater in vivo stability with only the depicted (R) enantiomer being bioactive.441,445 W146 is also 

the first S1P1 substrate that was successfully co-crystallized with the target receptor by Hanson et 

al. in 2012, providing the only experimental crystal structure data of S1P1 and the only Protein 

Data Bank (PDB) file of a S1P receptor thitherto.399  

KRP-203. In 2005, Shimizu et al. investigated the effects of KRP-203 (Figure 1) on im-

munomodulation in rodent allografts and found that the fingolimod analog KRP-203 prolonged rat 

skin and heart allografts significantly.8 With skin transplants treated with KRP-203, rats survived 

for approximately 10–20 % longer than subjects subjected to FTY720; KRP-203–treated mHC–

disparate rat heart allografts were reported to exhibit no rejection at all.447 Furthermore, KRP-203 

was found to arrest ET-1 and TGF-b1 secretion as macrophage mediators responsible for transplant 

arteriosclerosis, to prevent myocardial fibrosis after heart transplantation in rat models, and to 

reduce CD4+ and CD8+ T lymphocyte counts in peripheral lymphoid organs.447,448,449,450 
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STRUCTURALLY DIVERGENT SPHINGOSINE-1-PHOSPHATE  

RECEPTOR 1 MODULATORS 

NIBR-0213. S1PR interactions are not restricted to substrates of exclusively sphingoid 

structure; both agonism and antagonism are also accomplished with compounds that significantly 

diverge in their structural composition from the natural substrate or its first synthetic derivatives.8 

NIBR-0213 (Figure 2) is a highly selective S1P1 antagonist with decent bioavailability upon oral 

administration whose potency, binding affinity, and selectivity for S1P1 over S1P2–4 were reported 

by Quancard et al. in 2012 through Ca2+ mobilization assay experiments.451 Unlike other S1P1 

antagonists such as VPC44116 or W146, NIBR-0213 was observed to effectively reduce periph-

eral blood lymphocyte (PBL) counts in EAE, a common model for human MS.443,445,452,453 How-

ever, the limited potency of NIBR-0213 when compared to FTY720 confines its therapeutic ap-

plication: while oral administration of 0.1 mg/kg q.d. of fingolimod reduces PBL counts by 80–

86%, 30 mg/kg b.i.d. of orally administered NIBR-0213 gave a PBL count reduction of solely 75–

85%.454 

AUY954. In 2006, Pan and coworkers synthesized an amino carboxylate analog of fin-

golimod: AUY954 (Figure 2) proved to be highly receptor–selective with an EC50 value of 1.2 

nM exclusively at S1P1.455 AUY954 caused a significant as well as reversible decrease of periph-

eral circulating lymphocytes and Erk and Akt kinase activation in Chinese hamster ovary (CHO) 

cells transfected with human S1P1.455 In 2011, Zhang et al. showed that AUY954 effectively pre-

vents experimental autoimmune neuritis (EAN) and inhibits paraparesis.456 Depression of macro-

phage and lymphocyte infiltration decreases local demyelination in the CNS and suppresses ex-

pression of the cytokine Interleukin-17 (IL-17) as well as the matrix metalloproteinase MMP-9, 
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which accounts for T lymphocyte blood nerve barrier (BNB) penetration during an inflammatory 

autoimmune response.456,457 

Carbamoylnicotinamide. In 2011 and 2012, Pennington and Harrington et al. described a 

series of novel S1P1 agonists derived from the S1PR selective carbamoylnicotinamide (Figure 

2).458,459 The latter is characterized by its lack of a polar head group and thus does not require 

bioactivation by phosphorylation.8 Yet it is highly specific for S1P1, with a >100–fold selectivity 

to S1P2–5, causing a substantial decrease of lymphocyte circulation (78–81% depletion in rats) 24 

hrs after single oral dosing of 1 mg/kg, having an EC50 value of 35 nM with 96% efficacy.435,458,460 

Quinolinone analogs were observed to inhibit lymphocyte recirculation and egress with equivalent 

S1P1 selectivity.459 

SEW2871. Featuring an EC50 value of 13 ± 8 nM on S1P1 and no detectable S1P2–5 inter-

action at a concentration of 10 µM in CHO cell lines, SEW2871 (Figure 2) is an exclusive S1P1 

agonist.452 The sphingolipid–deviant, entirely nonpolar compound proved to prolong murine het-

erotopic heart allograft survival by induction of lymphopenia and reduced production of inflam-

matory cytokines TNF-a, IFN-g, and IL-2 in allografts.452,461 SEW2871 was also reported to in-

duce cellular migration in vitro through cytoskeletal reorganization in S1P1–transfected CHO cells; 

it also reduced the infection rate in C47BL/6 mice exposed to Yersinia pestris.452,462 However, 

clinical use of SEW2871 is marginal, as SEW2871 is known to exacerbate reperfusion arrhyth-

mias. In 2007, Tsukada et al. reported severe side effects in in vivo rodent models with an increased 

risk for myocardial ischemia. This is presumed to be due to the extreme receptor specificity of 

SEW2817; deactivation of solely a single S1PR type might lead macroscopically to a more severe 

collapse of a balanced signaling cascade between multiple S1P receptor types.8,463 
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AMG 369. In 2011, Cee and coworkers reported the synthesis and studies on the activity 

of AMG 369 (Figure 2), a potent S1P1 and S1P5 agonist showing low S1P3 activity and inactivity 

towards S1P2 and S1P4, featuring a carboxylic acid head group that is independent of activation 

for bioavailability.8,464 The absence of cardiovascular effects in rats at AMG 369 concentrations 

even as high as 10 mg/kg further indicate the correlation of bradycardia with S1P3 agonism in the 

rodent model.452,464 Oral bioavailability was reported to range between 34–64% in rat, dog, and 

non–human primate experiments, and a depletion of PDL counts 24 hrs after oral administration 

of a 0.1 mg/kg dose led to a significant delay of EAE onset in the rat model.464 

BAF312 (Siponimod). The pursuit for greater S1PR specificity in order to minimize ad-

verse effects in medical application resulted in the patented synthesis of a compound designated 

as BAF312 (Figure 2) in 2004 by Pan et al.8,465 Commercially distributed by Novartis as siponi-

mod, this compound, being structurally very distant from FTY720, shows remarkable agonism on 

S1P1 and S1P5, while sparing S1P3 completely.466 Sharing a similar mechanism of action with 

fingolimod, siponimod causes S1P1 internalization and degradation, causing depletion of CD4+ T 

lymphocytes, naïve T cells, and B lymphocytes by 88% within 4-6 hrs after administration.467 An 

effective dose for 50% decrease of the original lymphocyte concentration after 6 hrs post admin-

istration is 0.14 mg/kg, with 88% PDL count depletion 8 hrs after dosage.466 With an average half-

life of 56.6 hours in human plasma, siponimod has a shorter duration of action than fingolimod, 

which is reported to range between 6–9 days.468,469 For siponimod, PBL counts were observed to 

return to basic levels after 48h.466 Research on the effects of siponimod clarified that bradycardia 

is not an adverse effect exclusive to S1P3 agonism: despite not targeting S1P3, BAF312 was ob-

served to induce transient bradycardia by activating G protein–coupled inwardly rectifying potas-

sium (GIRK) channels in atrial myocytes.467 Furthermore, siponimod readily penetrates the BBB, 
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then acting on S1P1 of astrocytes and S1P5 on oligodendrocytes in the CNS.470 Siponimod passed 

phase II clinical studies on secondary progressive multiple sclerosis (SPMS) patients, where it 

showed to reduce new or recently enlarged T2 lesions up to 80% when administered orally on a 

daily 1.25–2 mg basis.468,471 Significant reduction of disability progression in SPMS patients was 

proven in consecutive phase II trials, making siponimod an attractive novel autoimmune modulator 

for MS treatment.472  

ONO-4641 (Ceralifimod). Being a structurally close analog of siponimod, S1PR modulator 

ONO-4641 (Figure 2), named ceralifimod by its developers in Ono Pharmaceutical Co., posed 

another orally administered, potential MS drug candidate for treatment of RRMS.473,474,475 In an 

EAE model, ceralifimod caused retention of T and B lymphocytes in lymph nodes, depleting lym-

phocytic infiltration of the CNS, which resulted in the retardation of disease symptom outbreak in 

rodents.476 In particular, CD3+, CD4+, CD8+, CD4+/CD25(high) lymphocyte counts are decreased; 

natural killer (NK) cell concentrations, on the other hand, remained unaffected by ONO-

4641.474,476 The half-life of ceralifimod ranges between 81.9–89 hours, being much shorter than 

the one of fingolimod.474 In 2010, ceralifimod entered clinical phase II trials as a potential treat-

ment of RRMS patients; the compound was found to significantly reduce MRI lesion formation 

and lower the frequency of relapses in RRMS patients within a period of 6 months when adminis-

tered in daily doses ranging from 0.05–0.15 mg.477,478 Despite promising preliminary data, Merck 

ceased further development of ceralifimod with Ono Pharmaceutical Co. in 2014 due to “changes 

in market circumstances of MS treatment” and in anticipation of extensive phase III expenses.8,479  
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Figure 2. Synthetic structurally divergent S1PR modulators.8 

 

ACT-128800 (Ponesimod). Actelion Pharmaceuticals Ltd. developed a diol–based, potent, 
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rats; ponesimod also displayed 69% bioavailability in beagle dogs.481 The rapid lymphocyte re-
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administered.482 Clinical phase II trials showed an average leukocyte depletion by 62% after 8 

days when administered in daily doses of 20 and 40 mg orally to RRMS patients, resulting in a 

significant decrease of newly formed T1 lesions from 6.2 in placebo trials to 1.1 in ponesimod–

administered subjects.483 Since June 2015, ponesimod has been evaluated in a clinical phase III 

trial for treatment of RRMS and SPMS, as it delivers promising results for the reduction of MS 

relapse frequencies, low receptor type variability, and suitable tolerance.482,483,484 
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OXADIAZOLE–BASED SPHINGOSINE-1-PHOSPHATE RECEPTOR 1 MODULATORS 

ASP-4058. Another series of S1P1–targeting immunomodulators is based on oxadiazole 

moieties incorporated in the central scaffold of the molecule, featuring favorable lipophilicity and 

steric conformations for S1PR binding.8 One representative of these drug candidates is ASP4058 

(Figure 3), synthesized by Astellas Pharma Inc.485 This comparably nonpolar compound without 

a distinct polar head group showed to specifically agonize S1P1 and S1P5 in GTPgS binding assays 

in vitro. ASP-4058 was reported to alleviate PBL counts with ED50 values of 0.10 mg/kg 24 hours 

after initial oral dosing and 0.023 mg/kg after 21 days of continuous treatment, making it initially 

less potent than fingolimod (EC50(FTY720) = 0.041 mg/kg after initial oral dose) but equipotent 

over a longer period of time (EC50(FTY720) = 0.020 mg/kg after 21 days).485 ASP-4058 easily 

passes the BBB, entering the CNS, and reduces EAE onsets in rats and prevents relapses of RRMS 

in mice while displaying fewer safety concerns regarding bradycardia and bronchoconstriction in 

the rodent model.485 Studies by Yamamoto et al. showed that ASP-4058’s mechanism of action 

also consists of the internalization of S1P1 as found in human carotid artery endothelial cells 

(HCtAECs); 1 hour after in vitro treatment, HCtAEC S1P1 expression levels were reported to drop 

to 86 ± 14% upon 100 nM dosage. A 1 µM treatment resulted in a S1P1 expression decrease down 

to 23 ± 4.3%.486 Furthermore, the compound promotes endothelial cell barrier integrity by inducing 

tightening of cell–cell junctions between HCtAECs and showed to suppress the formation of in-

tracranial aneurysm (IA) in a non–human primate model (Macaca fascicularis).486 Despite prom-

ising data, after a clinical phase I trial study on healthy human subjects conducted in 2010, Astellas 

Pharma Inc. decided against a continuation in development of ASP-4058 in 2012 due to “strategic 

reasons” as well as results from the first phase trial.487,488 
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CYM5442. CYM5442 (Figure 3), an allosteric S1P receptor agonist with 10,000-fold 

greater selectivity for S1P1 over commonly similarly targeted S1P5, features almost exclusive S1P1 

activity.489 CYM5442 is reported to be 10- to 50-fold more potent than SEW2871; at the same 

time, its S1P1 agonism is noncompetitively inhibited by ML056.489 In vivo studies in the murine 

model showed CYM5442 elicits – similar to fingolimod – internalization, polyubiquitination, and 

degradation of S1P1, resulting in dose–dependent depletion of PBL counts. B220+ B lymphocyte 

concentrations decrease by 63% with an ED50 value of 1.0 mg/kg, CD4+ T cell counts are dimin-

ished by 83% with an ED50 value of 0.5 mg/kg, and CD8+ T lymphocytes are depleted by 84% 

with the ED50 value measuring 2.0 mg/kg. CYM5442 also is reported to readily penetrate the 

BBB.489 The immunomodulator showed alleviating the production and release of chemokines and 

the cytokines IFNa, CCL2, IL-6, TNFa, and IFNg, as well as reducing the mortality of mice with 

H1N1 infection by suppression of the innate immune response.490 CYM5442 was also found to 

delay – yet not prevent – acute graft-versus-host disease (aGVHD) through reduction of macro-

phage infiltration in the mouse model.8,491  

RP-001. Being a structurally close analog of CYM5442, RP-001 (Figure 3) features a car-

boxylic acid instead of the terminal alcohol found in CYM5442; also, isopropoxy and nitrile sub-

stituents replace two former ethoxy moieties.8 RP-001 acts as a highly potent S1P1 agonist with an 

EC50 value of 9 pM; S1P2–4 activity was reported to be low with S1P5 agonism being considered 

moderate.492 Unlike CYM5442, RP-001 behaves as a competitive S1P1 substrate with W146.492 

The mechanism of action on the receptor is similar to most small-molecule S1PR–targeting im-

munosuppressants, with RP-001–induced agonism on S1P1 leading to the receptor’s internaliza-

tion and degradation through polyubiquitination.492 RP-001 causes dose–dependent lymphopenia 

of particularly CD4+ T cells (EC50 = 0.03 mg/kg) with maximal lymphocyte sequestration from 
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blood after 2 hours post treatment; rapid lymphocyte level recovery has been observed with lym-

phocyte counts returning to basic levels 8 hours after a final dose of 0.3 mg/kg.492 The short dura-

tion of lymphopenia and its limited half-life rendered RP-001 and its precursor impractical for 

clinical use.492 

RPC-1063 (Ozanimod, Zeposia®). Exchange of the carboxylic acid in RP-001 for a primary 

hydroxyl group as well as shortening of its open tail chain by one methylene moiety led to the 

most promising drug for immunomodulation: Developed by Receptos, Inc. and bought for 7.2 

billion USD by Celgene in 2015, RPC1063, trivially named ozanimod (Figure 3), represents one 

of the most potent, receptor–specific S1P1 modulators.8,493,494,495 Featuring the known mechanism 

of action based on internalization–triggered S1PR expression level depletion, ozanimod has 

proven to reduce inflammation in preliminary EAE animal experiments through reduction of cy-

tokine production and significant decrease of circulating B lymphocytes, CD4+ CCR7+ T lympho-

cytes, and CD8+ CCR7+ lymphocytes.494 In comparison to fingolimod, siponimod, and ponesimod, 

ozanimod is superior in receptor specificity and reduction of adverse effects; its 10,000-fold 

greater agonism on S1P1 over S1P3 explains ozanimod’s small margin of cardiac side effects.494 

The compound is of no prodrug character, not requiring bioactivation through phosphorylation, 

and readily permeates into the CNS where it engages in S1P1 and S1P5 agonism. Ozanimod’s EC50 

values range from 0.16 ± 0.06 nM on S1P1 cAMP generation receptor and 0.41 ± 0.16 nM in S1P1 

GTPgS binding assays.494 Successful completion of the clinical phase II SUNBEAM trial and the 

combined RADIANCE phase II/III studies proved ozanimod to dramatically reduce the average 

cumulative number of magnetic resonance imaging (MRI) lesions in MS patients to 1.5 with treat-

ment, compared to 11.1 with placebo.495,496 Ozanimod’s half-life of 19 hrs in the human body and 

depleted lymphocyte counts recovering 3 days after the final dose have made the drug candidate 
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more attractive for variable treatment than even fingolimod, which has a half-life of approximately 

one week and a 4–8 week period of leukocyte recovery.494 However, upon filing a New Drug 

Approval (NDA) for ozanimod by Celgene in February 2018, the Food and Drug Administration 

(FDA) rejected ozanimod since most of its efficacy in MS treatment is due to a metabolite gener-

ated in vivo, as disclosed by Celgene at the annual American Academy of Neurology meeting.497,498 

The rejection occurred due to insufficient data regarding the metabolite known as RP-101075 (Fig-

ure 3), which accounts for 90% of ozanimod’s efficacy due to similar agonism on S1P1.493,497,498 

After this setback, Celgene made public to attempt a second NDA for ozanimod in the first quarter 

of 2019.8,499 On March 25th, 2020, the FDA approved ozanimod for the treatment of relapsing 

multiple sclerosis (RMS); the drug is now commercially distributed by Celgene as Zeposia®.500  

 

Figure 3. Synthetic oxadiazole–based S1PR modulators.8  
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FTY720–BASED SPHINGOSINE-1-PHOSPHATE RECEPTOR 1 MODULATORS 

FTY720-(S,E)-vinylphosphonate and FTY720-(S)-phosphonate (Tysiponate; TySIP). Re-

placement of the phosphoester oxygen in phosphorylated fingolimod with a methylene group and 

simultaneous introduction of the phosphorous–containing moiety renders the compound – unlike 

the in vivo generated FTY720-(S)-phosphate – resistant to lipid phosphatases and grants it imme-

diate bioavailability, circumventing the prodrug character of fingolimod.9 Introduction of the (vi-

nyl-)phosphonate moiety introduces chirality to the structure; enantioselectivity is crucial as opti-

cal purity proved to be essential for its desired pharmacological effects; neither the pure (R) enan-

tiomer of the unsaturated vinylphosphonate nor the saturated phosphonate exhibit antiapoptotic 

effects on IEC-6 cells treated with the topoisomerase inhibitor CPT.501,502 The (S) isomers, how-

ever, show significant decrease of CPT–induced DNA fragmentation in treated cells, with the 

phosphonate being more potent (50% DNA fragmentation decrease) than the vinylphosphonate 

(21%). The EC50 of FTY720-(S)-phosphonate is reported as 75 ± 21 nM.1 

 

 

Figure 4. Synthetic FTY720–based phosphonate S1PR modulators.8 
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fingolimod’s potent immunosuppressive character, effectively reducing peripheral WBC counts 

through S1P1 degradation, raise concerns for treatment of sepsis, potentially due to infection.504  

In the murine model, intratracheal administration of 2.5 mg/kg of LPS produces significant 

inflammatory lung injury at 18 h as determined via measurement of BAL total protein and cell 

count, BAL albumin, and lung tissue albumin. LPS further increases tissue myeloperoxidase 

(MPO) activity, another indicator for lung parenchymal phagocyte infiltration.383 As shown by 

Camp et al., tysiponate proved to be protective against LPS–induced ALI in mice with comparable 

cellular barrier–enhancing properties to S1P and even superior to FTY720.505 TySIP significantly 

reduces LPS–caused albumin leakage from vascular space into surrounding lung tissue and BAL 

and inhibits BAL WBC accumulation as well as lung tissue MPO activity., with optimal doses 

ranging from 0.1–1.0 mg/kg in the murine model.505 While FTY720 and analogs greatly diminish 

lymphocyte recirculation in the periphery, treatment with TySIP in mice did not reduce WBC 

counts, suggesting that the (S)-phosphonate of fingolimod is not causing immunosuppression in 

the murine ALI model; this makes TySIP highly attractive for ALI/ARDS treatment.505  

TySIP does not induce β-arrestin recruitment and neither causes ubiquitination of S1P1 nor 

its proteasomal degradation, maintaining S1P1 expression levels as shown on HPAEC cells and 

therefore keeping peripheral lymphocyte numbers.503 As mentioned before, TySIP enantiomers do 

differ significantly in their pharmacology; the (R) enantiomers of the phosphonate and the vi-

nylphosphonate rapidly activate ERK pathways, while the (S) enantiomers do not. The (S) isomer 

of TySIP was also found to be more efficacious than its (R) counterpart in the murine LPS–induced 

ALI model.505 

Since agonism on S1P1 has been proven to be cellular barrier–enhancing while activation 

of S1P3 is associated with barrier disruption, S1P1 is a primary target for sphingoid drug 
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candidates.258,506 Interestingly, phosphorylated FTY720 was found to activate S1P1 at about a 76% 

rate in S1P1–transfected HTC4 cells while TySIP caused merely a 36% maximal S1P1 response 

despite showing similar barrier–enhancing potency. This surprising data indicates that the barrier 

enhancement by TySIP may be also attributed to interaction of the drug candidate with another 

receptor but S1P1.507 Another possibility is that FTY720-(S)-phosphonate could trigger a confor-

mational change in S1P1 that leads to differential effector coupling and altered downstream sig-

naling, resulting in reduced Ca2+ mobilization but similar cellular barrier integrity enforcement.508 

Further proof comes from the vinylphosphonate being incapable of activating S1P1 at all but still 

causing significant barrier enhancement. Similar Ca2+ mobilization essays also showed that TySIP 

and its vinylphosphonate analog seem to have no S1P3 activity, promoting these compounds’ re-

ceptor specificity.9  
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CHAPTER 4 

PURSUIT FOR EFFICIENCY: SYNTHESIS OF TYSIPONATE, EVALUATION OF  

STRUCTURE–ACTIVITY RELATIONSHIP THROUGH IN SILICO MODELING, AND  

DESIGN AND GENERATION OF NOVEL AND POTENT SPHINGOSINE-1-PHOSPHATE  

RECEPTOR 1 AGONISTS  
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TYSIPONATE: IMPROVED FINGOLIMOD 

Classical synthesis of tysiponate by Bittman et al. The conservative synthesis of tysiponate 

by Bittman and coworkers is based on the assembly of the FTY720-(S)-phosphonate molecule 

from commercially available, nonchiral compounds over a dominantly linear synthetic route, 

which includes artificial generation of the stereogenic center under enantioselective conditions as 

introduced by the Sharpless epoxidation.9 The start – and only convergent aspects – of this syn-

thesis was the initial generation of the side chains emerging from the aromatic core of the molecule. 

The eventual lipid tail was prepared as a classical Wittig reagent from n-heptyl bromide and tri-

phenyl phosphine (PPh3) that were reacted in refluxing conditions in anhydrous acetonitrile 

(MeCN*; anhydrous solvents are marked with a star [*]) for 24 hours to give the respective n-

heptyl triphenylphosphonium bromide as a voluminous white solid in good yields (>95%) even in 

large–scale reactions exceeding 15 g (83.8 mmol) of n-heptyl bromide starting material (Scheme 

2).509  

The n-heptyl triphenylphosphonium bromide was then linked to 4-bromobenzaldehyde in 

a typical Wittig reaction, attaching the lipid tail to the target compound’s aromatic core.9 A 2.5M 

solution of n-butyllithium (n-BuLi) in hexanes acted as the base to deprotonate the n-heptyl tri-

phenylphosphonium bromide in anhydrous tetrahydrofuran (THF*) at –78 °C before reacting it 

with the aromatic halide aldehyde, warming it up from –78 °C to room temperature (RT) overnight 

(Scheme 2). Quenching with 10% aqueous ammonium chloride solution, washing with deionized 

water, and silica gel flash column chromatography (hexanes 3:1 ethyl acetate, RF 0.84) gave pure 

1-bromo-4-(oct-1-enyl)benzene as a faintly yellow oil of low viscosity in very good yields (98%).9  

The other substituent chain later to be bearing the polar head group was introduced via a 

Sonogoshira coupling of effectively but-3-yn-1-ol with 4-bromobenzaldehyde.9 However, to 
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ensure Sonogoshira reactivity of the alkyne terminus, the 3-butynol was first converted into its 

benzyl ether through a Williamson ether synthesis where the hydroxyl group of alkyne alcohol is 

deprotonated with sodium hydride and catalytic tetrabutylammonium iodide (Bu4NI) in THF* in 

order to be subsequently reacted with benzyl bromide at 0 °C to RT overnight (Scheme 2).510 

Kugelrohr distillation (78 °C at 2.0 mmHg) of the crude product gave the resulting 3-butynol ben-

zyl ether in excellent yields (99%) as a colorless to lightly yellow oil of low viscosity.  

 

 

Scheme 2. Synthesis of the Wittig reagent n-heptyl triphenylphosphonium bromide (top), Williamson ether 
synthesis of 4-(benzyloxy)-1-butyne (center), Wittig reaction giving 1-bromo-4-(oct-1-enyl)benzene (bottom 
left), and Sonogoshira coupling yielding (4-(benzyloxy)but-1-ynyl)-4-(oct-1-enyl)benzene (bottom 
right).9,509,510  

 

The benzyl ether of but-3-yn-1-ol then served as the reactant to be coupled with the Wittig 

product 1-bromo-4-(oct-1-enyl)benzene in a classical Sonogoshira coupling. A deoxygenated so-

lution of freshly distilled, anhydrous diisopropylamine (i-Pr2NH*, DIPA*), 1.0 equivalent (eq.) of 

1-bromo-4-(oct-1-enyl)benzene, a slight excess (1.07 eq.) of the 4-(benzyloxy)-1-butyne, catalytic 

amounts of anhydrous copper (I) iodide (CuI), and 5 mol.-% of tetrakis(triphenylphosphine)palla-
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2).9 After filtration of the diisopropylammonium bromide precipitate, subsequent filtration of the 

reaction solution through a pad of Celite®, and washing with water, the resulting residue was sub-

jected to silica gel column chromatography where one column volume was flushed with pure hex-

anes to remove unreacted starting material (RF 0.95) before subsequent separation over hexanes 

3:1 ethyl acetate, giving the pure product as a red oil in very good yields (RF 0.86; 98.3%). 

For further assembly of the polar head group the hydroxyl group masked as the benzyl 

ether required deprotection; high-pressure hydrogenation both cleaved the benzyl protection group 

and saturated the remnant double bond from the previous Wittig reaction attaching the lipophilic 

tail to the aromatic core of the molecule. This reaction was found to work only in relatively small 

scales; the optimum was established at a reaction scale of 200 mg (0.58 mmol) of starting material. 

Furthermore, very high hydrogen pressure as required for the reduction to proceed; despite re-

peated filtration through Celite® and silica gel column chromatography purification, heavy metal 

remains from the preceding Sonogoshira coupling as well as solubility issues of the starting mate-

rial in hydrogenation–favoring solvents such as pure methanol are assumed to have posed a sig-

nificant challenge to this reaction that is otherwise generally considered trivial. Full conversion of 

the starting material was achieved through the use of 50 weight-% of Pearlman’s catalyst (20% 

Pd(OH)2/C), a small–volume mixture (2 mL) of a 1:1 mixture of ethyl acetate and methanol to 

enhance solubility of the nonpolar starting material which would otherwise precipitate in pure 

methanol, and a hydrogen pressure of 1,200 psi from a high–pressure PARR apparatus (Scheme 

3). After intense stirring at respective hydrogen pressure overnight complete discoloration of the 

initially dark yellow solution indicated successful reduction to the aryl alcohol. Filtration through 

a thin pad of Celite® and removal of the solvent in vacuo gave the pure product as a colorless to 

faintly yellow oil of higher viscosity.  
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In order to convert the C2 carbon of the head group chain into a quaternary center that 

would later become the chiral center of tysiponate, its reactivity was enhanced by converting the 

primary alcohol into an aldehyde via oxidation with (2,2,6,6-tetramethylpiperidin-1-yl)oxyl 

(TEMPO).511 In advance, a chilled 16 mM solution of TEMPO in dichloromethane (DCM) was 

prepared. Also, in advance, a cooled mixture of 1.0 vol.-eq. of saturated solution of sodium hydro-

gen carbonate (NaHCO3), 1.9 vol.-eq. of brine, and 1.5 vol.-eq. of a 5.25% sodium hypochlorite 

(NaOCl) solution was prepared. The aryl alcohol was then dissolved in DCM, the 0.1 eq. of 

TEMPO from its previously prepared solution were added, and the mixture was cooled to –10 °C. 

Under intense stirring, approximately 0.2 vol.-eq. of saturated NaHCO3 solution, 0.08 eq. of po-

tassium bromide (KBr), and 0.04 eq. of tetrabutylammonium chloride monohydrate (Bu4NCl · 

H2O) were added. Then, within no more than 15 min, 0.69 vol.-eq. of the NaOCl oxidizing solution 

were added dropwise; a color change of the initially colorless solution switching to a dark yellow 

taint indicated the reaction to successfully proceed (Scheme 3).511 After complete addition of the 

oxidizing solution, the reaction was diluted with excess DCM and the organic layer was separated 

from the aqueous one. The organic layer was washed once with a 1:1 mixture of deionized water 

and saturated NaHCO3 solution, the solvent was then removed under reduced pressure in the ab-

sence of heat and light, and the residue was again slurred up in little amounts of DCM, precipitating 

residual salts. Decantation and removal of solvent in vacuo gave the pure product in nearly quan-

titative yields as a yellow oil of higher viscosity that was stored at 0 °C under argon in the absence 

of light. 

With the aldehyde installed, the C2 carbon is converted into a quaternary center via an 

Eschenmoser methylenation; the aryl aldehyde was dissolved in DCM and 3.1 eq. of triethylamine 

(TEA) and 2.1 eq. of N,N-dimethylmethylideneammonium iodide (Eschenmoser’s Salt) were 
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added and the reaction mixture was stirred at RT for 24–48 hours, depending on the scale of the 

reaction (Scheme 3).9 After workup and silica gel flash chromatography, the pure product was 

obtained as an orange viscous oil in 74% yield. 

Luche reduction of the α,β-unsaturated aldehyde using 1.5 eq. of cerium(III) chloride 

(CeCl3) and another 1.5 eq. sodium borohydride (NaBH4) in methanol gave the respective primary 

alcohol still featuring the quaternary C2 carbon center that was exploited for chirality introduction 

in the subsequent step (Scheme 3).9  

 

 

Scheme 3. Syntheses of the aryl alcohol, its conversion into the respective aldehyde, Eschenmoser meth-
ylenation introducing another carbon as well as a quaternary center in the C2 position, subsequent Luche 
reduction giving the α,β-unsaturated alcohol, and asymmetric Sharpless epoxidation, introducing (S) chi-
rality into the system.9,511  
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PhMe* in anhydrous DCM* along with 4Å molecular sieves (Scheme 3).9 Giving enantioselec-

tively the (S) enantiomer epoxide, the former quaternary center was now converted into a stereo-

center, maintaining the chirality required for the final target compound. Silica gel column chroma-

tography over a TEA–conditioned stationary phase in order to prevent epoxide cleavage (hexanes 

2:1 ethyl acetate + 1 vol.-% TEA, RF 0.33) yielded the pure product as a faintly yellow oil in 70.4% 

yield.512 

 

 

Scheme 4. Alkylation of Sharpless product with trichloroacetonitrile; Lewis acid–catalyzed cyclization 
opening the epoxide stereoselectively; TEMPO–catalyzed oxidation of the resulting alcohol; Horner-
Wadsworth-Emmons reaction introduction the phosphonate; ring-opening hydrolysis with HCl and methyl 
ester deprotection with TMSBr giving FTY720-(S)-vinylphosphonate as its HBr salt.9,511 
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stereoselectively driven cyclization with the epoxide function using 0.57 eq. diethyl aluminum 

hydride (Et2AlH) as the catalyzing Lewis acid in decent yield (79%, Scheme 4).9  

Ring closure leads to opening of the epoxide, giving a new primary hydroxyl group which 

then was used to introduce the polar phosphonate head of tysiponate. Repeated TEMPO–catalyzed 

oxidation of the alcohol yielded the respective aldehyde in quantitative yields which was used 

immediately in the next synthetic step due to stability issues (Scheme 4).9,511  

The phosphonate was introduced via a Horner-Wadsworth-Emmons reaction; 1.5 eq. of 

tetramethyl methylenediphosphonate were deprotonated with 1.5 eq. of sodium hydride (60% dis-

persion in mineral oil) in anhydrous THF* and then a solution of the cyclic aldehyde was slowly 

added to the reaction mixture at 0 °C.9 The phosphonation occurred within 2 hours and after 

quenching excess bisphosphonate with 1M methanolic sodium hydroxide (NaOH), silica gel col-

umn chromatography (hexanes 1:2 ethyl acetate, RF 0.37) gave the cyclic phosphonate in 69.5% 

yield (Scheme 4). 

Ring opening and elimination of the trichloromethyl group were performed by stirring the 

cyclic phosphonate in 1M hydrochloric acid (HCl) in THF overnight before quenching the reaction 

with saturated NaHCO3 solution. Purification was performed through silica gel column chroma-

tography (chloroform, methanol, TEA 135:25:2, RF 0.37), making the decyclized intermediate HCl 

salt crystallize as a colorless solid upon solvent removal.9 After ring cleavage, the general structure 

of tysiponate becomes evident; deprotection of the dimethyl phosphonate’s hydroxyl groups, how-

ever, required harsh conditions using treatment with 10 eq. of trimethylsilyl bromide (TMSBr) in 

anhydrous DCM* for three days at RT (Scheme 4).9 Removal of solvent as well as most of the 

excess TMSBr and formed hydrobromic acid (HBr) in vacuo and subsequent hydrolysis of the 

silylated intermediate by stirring the residue in 95% methanol for one hour gave the FTY720-(S)-
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vinylphosphonate hydrobromide as a gray to colorless solid upon repeated purification through 

dispersion and precipitation in anhydrous DCM* and centrifugation. 

Reduction of the vinylphosphonate to the fully saturated phosphonate was performed with 

20% Pearlman’s catalyst in a 1:1 mixture of ethyl acetate and methanol and atmospheric hydrogen 

pressure overnight; filtration of the product through a thin pad of Celite® and removal of the sol-

vent resulted in a slurry residue that was dispersed in a 2:1 mixture of MeCN and water, effectively 

precipitating the product (Scheme 5). Extraction after centrifugation and lyophilization eventually 

yielded pure tysiponate hydrobromide as a gray solid of highly electrostatic nature and low density. 

 

 

Scheme 5. Hydrogenation of the vinylphosphonate precursor to tysiponate.9  
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and then coupled together to deliver the final product or an intermediate that is 

structurally close to the target compound would be desirable. The amphipathic 

character of the sphingolipid structure consisting of a hydrophobic tail and a polar 

head group makes this strategy attractive. Challenges may arise in the all–carbon 

linkage to be performed in order to fuse these two building blocks together.  

o Introduction of chirality: The potency of tysiponate relies heavily on its optical 

purity; in vitro data suggest that only the (S) enantiomer is of pharmaceutical inter-

est.9 Therefore, stereoselective synthesis remains a major goal in any new synthetic 

approach towards any FTY720 phosphonate analogs. The tysiponate synthesis by 

Bittman and coworkers introduces chirality through an asymmetric Sharpless epox-

idation followed by a Lewis acid–catalyzed intramolecular cyclization of a nucleo-

philic amine with an electrophilic quaternary carbon center.9 An alternative to this 

synthetic introduction of chirality is the use of chiral enantiopure starting materials 

and building blocks that already contain the desired stereochemistry, making the 

manual installation of the latter obsolete. Such commercially available chiral build-

ing blocks can be amino acids. Proper protection and maintenance of the stereo-

chemistry in the process of potential functionalization and derivatization of the chi-

ral components may pose new challenges in this approach.  

Construction of the polar head including its desired chirality is of utmost priority as that 

moiety initiates the binding event of the sphingoid ligand into the S1PR target receptor.401 As 

mentioned above, the use of amino acids as chiral starting materials is attractive since these com-

pounds – except for glycine – feature naturally occurring chirality, are commercially available in 

enantiopure form, and often contain functional groups that offer platforms for derivatization into 
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the key moieties found in tysiponate. Two major pathways were considered for a novel approach 

to generate tysiponate from amino acids; one using amino acids in the form of Garner’s aldehyde, 

the other one masking them as O’Donnell’s Schiff bases. Synthesis of the lipophilic tail with the 

aromatic core was attempted through Friedel-Crafts acylation chemistry. 

Garner’s aldehyde tysiponate approach. Philip Garner was the first to report the synthesis 

of 1,1-dimethylethyl-4-formyl-2,2-dimethyloxazolidine-3-carbox-

ylate, a stable since masked amino aldehyde derived from serine that 

later became known as Garner’s aldehyde (Figure 5).10,513 N-protec-

tion of serine with di-tert-butyl-dicarbonate, followed by subsequent 

esterification with methyl iodide, N,O-protection in the form of an hemiaminal via acid–catalyzed 

cyclization with 2,2-diemthoxypropane, and final reduction with DIBAL at –78 °C in anhydrous 

toluene gives enantiopure Garner’s aldehyde which has proven to be a remarkably useful building 

block in countless syntheses (Scheme 6).513,514  

 

 

Scheme 6. Synthesis of Garner’s aldehyde as reported by Philip Garner.513  
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carboxylic ester, circumventing the use of particularly hazardous reagents such as methyl iodide, 

and increase of eventually obtained enantiopurity.515,516,517 Once obtained, Garner’s aldehyde 

poses a prime substrate to generate the polar head group of various sphingolipids, readily intro-

ducing the characteristic 2-amino-1,3-dihydroxypropyl substitution pattern on the carbon back-

bone while simultaneously providing pre-installed stereochemistry. Both the open aldehyde as 

well as the chiral center of the compound offer potential coupling sites for further elongation of 

the molecule towards the amphipathic target structure. The aldehyde poses a substrate for intro-

duction of the phosphonate via Horner-Wadsworth-Emmons phosphonation similarly found in the 

Bittman approach, while the chiral proton of Garner’s aldehyde acts as a linking site for the re-

maining lipophilic tail of the target compound through tertiary alkylation.9 Eventual acidic depro-

tection of the amine and the hemiaminal give access to both the open amine and primary alcohol 

of sphingosine or tysiponate in one step.  

However, this approach was not further pursued as the resulting total synthesis would lead 

to a solely marginally shorter total synthesis of the target compound when compared to the con-

ventional approach published by Bittman et al.  

Schiff base tysiponate approach. Functionalization and total synthesis of both natural as 

well as unnatural amino acids have been of great interest ever since peptide synthesis emerged. A 

major pathway to derivatize amino acids is to modify their side chain which defines the amino acid 

itself. Masking the amine as an imine and conversion of the carboxylic acid moiety into an ester 

allows various options to do so, primarily through alkylation of the (pro-)chiral α-position of the 

compound. Due to stability problems encountered in imines derived from amino acid esters, 

O’Donnell and coworkers proposed a diphenyl mine that proved to be stable and reactive for al-

kylation.,518 While conventional methods for amino acid alkylation typically require the use of 
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strong bases, low temperatures, and inert conditions, O’Donnell’s diphenyl Schiff bases can be 

alkylated via regular non-inert phase transfer catalysis (PTC).11  

The most basic glycine–derived diphenyl Schiff base is obtained by refluxing benzophe-

none with the ethyl ester of glycine in xylene with catalytic amounts of boron trifluoride diethyl 

etherate, then distilled, and eventually recrystallized in ether and hexanes (Scheme 7). This diphe-

nyl–protected imine allowed alkylation at the α-position and therefore access to both natural as 

well as unnatural amino acids; the alkylation was achieved conventionally via deprotonation with 

a potent base such as lithium diisopropylamide (LDA) at low temperatures (–78 °C) in anhydrous 

conditions, as well as via simple two-phase PTC using tetrabutylammonium hydroxide (TBAH), 

the alkylating agent in the form of an alkyl halide, and 10% aqueous sodium hydroxide and DCM 

at RT overnight (Scheme 7).11,11 Dialkylation is inhibited due to the monoalkylated Schiff base’s 

significantly decreased acidity of the chiral proton in α-position; this also allows stereoselective 

control through the use of chiral reagents.519  

 

 

Scheme 7. Synthesis of glycine diphenyl Schiff base ethyl ester from glycine ethyl ester with subsequent 
alkylation, both conventionally as well as reported by O’Donnell et al.11,519 

 

A more facile synthesis of benzophenone Schiff bases described by O’Donnell and Polt in 

1982 consists of a mild transamination of benzophenone imine and the primary amine of the amino 

acid ester salt at room temperature, effectively giving the same product.520  
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The amino acids used as potential starting materials for the synthesis of tysiponate were 

chosen to be glycine (Gly) and D-homophenylalanine (D-Hph). Gly allows variable expansion of 

the chiral center to the quaternary head group core found in the target compound while D-Hph 

intrinsically offers the constellation of an amine, a carboxylic acid in α-position to the amine which 

can be reduced to a primary hydroxyl group, and the aromatic found in tysiponate, conveniently 

linked via a similar dimethylene spacer (–CH2–CH2–) from the chiral center without the presence 

of adverse side groups or unwanted moieties. However, initial dialkylation experiments were per-

formed on the Schiff base methyl ester of abundantly available L-phenylalanine (L-Phe).  

All amino acids the experiments were conducted on were first converted into their corre-

sponding ethyl and methyl esters by reacting them with the respective alcohol via cooled acetyl 

chloride treatment with subsequent refluxing overnight (Scheme 8).521 After removal of the excess 

solvent under reduced pressure the pure product was precipitated from chilled diethyl ether and 

collected as its HCl salt. 

 

 

Scheme 8. Synthesis of Gly, L-Phe, and D-Hph methyl and ethyl esters.521 
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substituents on the Schiff base imine, an alternative synthesis of the respective aldimine Schiff 

bases was performed (Scheme 9, b). Triethylamine–mediated condensation of the amino acid’s 

free amine and the aldehyde group of benzaldehyde or para-chlorobenzaldehyde, respectively, 

gave the respective Schiff bases with a single aromatic substituent. 524,525   

 

 

Scheme 9. Syntheses of O’Donnell’s benzophenone Schiff bases (a) and corresponding aldimine Schiff ba-
ses (b).522–525 
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subjection. Deprotonation could also be visually followed; effectively deprotonated amino acid 

Schiff base esters were observed to drastically change the color of the otherwise clear and colorless 

solution, generating amber or dark red mixtures at –78 to –20 °C.  

The alkylation of amino acids Schiff base esters poses a significant challenge as the steric 

demand of the phenyl substituents of the Schiff base and the substitution on the (pro-)chiral center 

of the compound severely impacts the acidity and therefore substitutability of the proton(s) present. 

The prochiral protons of the glycine benzophenone Schiff base are comparably acidic with a pKa 

of 18.7–18.8; once monoalkylated or -arylated, the pKa of the remaining proton rises to 22.8–23.2, 

depending on the substituent. The respective aldimine counterparts offer greater accessibility of 

the (pro-)chiral center and therefore exhibit a significantly lower rise in chiral proton acidity when 

alkylated; most aldimine Schiff bases of Gly increase their chiral proton’s pKa from 18.8 to 19.0–

19.2, facilitating di- or secondary alkylation further downstream.526 The reason for the great acid-

ity–decreasing effect observed in monoalkylated amino acid Schiff base esters is primarily of steric 

nature; the imine phenyl group cis is forced out of planarity with the trans phenyl group by the 

amino acid’s residue through allylic (1,3)-strain.527 This effectively lowers the resonance delocal-

ization in their 2-aza-allyl anions and therefore increases the Schiff base ester’s pKa. The aldimine 

analogs lack this strain due to the missing additional aromatic group and therefore display greater 

chiral proton acidity even when monosubstituted.528,529  

Therefore, both benzophenone as well as aldimine Schiff bases of the amino acids tested 

were subjected alkylation attempts using LDA and DMVP in order to introduce the phosphonate 

to the polar head group of the target compound (Scheme 10). Interestingly, the supposedly more 

facile occurring aldimine Schiff base alkylations failed due to immediate cleave of the significantly 

more fragile aldimine Schiff base under the reaction conditions, which in turn immediately 
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lowered the pKa of the prochiral protons while simultaneously exhibiting the now free amine that 

poses a much more attractive target to various undesired side reactions than the hydrogen atoms 

on the prochiral carbon center. The benzophenone imine Schiff base ester of Gly, however, readily 

underwent the Michael addition, giving the phosphonated Gly Schiff base ester while also being 

stable throughout the aqueous workup.  

 

 

Scheme 10. Michael addition of DMVP on varying Schiff base esters of Gly. 
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concluding protonation of the phosphonate’s α-position is suspected to occur during the aqueous 

workup with saturated NaHCO3 (aq) solution, which was executed at RT with each aliquot individ-

ually that was taken from the continuously running reaction setup for NMR spectroscopy analysis. 

It is to be noted that the reaction progress was possibly occurring solely upon the quenching step 
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occurring at RT, independent of the temperature the reagents were brought together in the reaction 

vessel. Further testing would be required to determine the absolute outcome.  

 

Figure 6. 1H-NMR–tracked aliquot testing of product formation and stability over time for Michael reaction 
of Gly benzophenone Schiff base ethyl ester and DMVP.  

 

At the same time, both benzophenone as well as aldimine Schiff bases of L-Phe and D-Hph 

were subjected to similar reaction conditions in the form of a tertiary alkylation with DMVP in 

order to immediately produce the polar head group of racemic tysiponate in the case of homo-

phenylalanine (Scheme 11). The steric demand of the bisphenyl moiety of the benzophenone 

Schiff base additionally to the residue of Phe or Hph proved inhibitory to reaction completion as 

all benzophenone Schiff bases of the amino acid esters did not undergo the desired Michael 
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addition with DMVP. Despite tracked deprotonation only unreacted Schiff base starting material 

(re–protonated presumably during quenching) and unreacted DMVP were retrieved. This led to 

the conclusion that despite deprotonation, either the abstraction of the acidic proton by the LDA–

THF–enolate complex was not distant enough for the created nucleophile to effectively attack the 

vinyl group of DMVP, or that the bisphenyl moiety of the benzophenone Schiff base inhibited 

access of the Michael acceptor through plain steric demand. Rapid re–protonation of the α-position 

of the added phosphonate through either additive protic solvent such as anhydrous ethanol* or 

quick workup of the reaction (<1h reaction time) with bicarbonate solution did not prove fruitful.  

 

 

Scheme 11. Tertiary alkylation approaches introducing the phosphonate moiety via Michael reaction on 
DMVP to the Schiff base esters of L-Phe and D-Hph.  

 

However, the para-chlorobenzaldehyde–based aldimine Schiff base ester of homophenyl-

alanine did undergo the desired alkylation, forming the quaternary center found in tysiponate 

(Scheme 11). The use of the aldimine Schiff base in this reaction came with two detriments, 

though; the protic–labile aldimine Schiff base itself does not survive the aqueous quenching 

workup despite explicit alkalinity, being cleaved off of the amine, and the success of the reaction 

was not reliably reproducible. Despite seemingly the application of identical conditions and the 
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use of the same starting materials and reagents, product formation could only be observed infre-

quently and scarcely. Minor reaction condition variations did not deliver reliability and therefore, 

alternatives for the generation of the target compound were sought soon.  

Tertiary alkylation of the phosphonated benzophenone Schiff base esters of Gly with 1-(2-

iodoethyl)-4-n-octylbenzene in order to introduce the lipophilic tail of tysiponate also proved un-

successful as subjection to the strong base required for proton abstraction of the masked amino 

acid phosphonate led to β-elimination of the iodine of the aryl compound, resulting in the for-

mation of 4-n-octylstyrene, which did not undergo a Michael reaction with the formed enolate of 

the substrate (Scheme 12).  

 

Scheme 12. Attempt of tertiary alkylation of the benzophenone Schiff base ester phosphonate of Gly with 
1-(2-iodoethyl)-4-n-octylbenzene.  

 

Due to the difficulties the Schiff base approach for the large–scale generation of tysiponate 

displayed, mostly inhibiting tertiary alkylation through either inaccessibility of the sterically hin-

dered chiral center of interest or by requiring reaction conditions that tended to degrade the co-

reagent, this pathway was ultimately substituted for a novel, newly published procedure that was 

able to deliver the desired product in significantly shorter time and greater efficiency.  

Photocatalytic synthesis of racemic tysiponate. The preceding Schiff base approach illus-

trates the challenge the construction of a quaternary carbon center with an α-amine poses. 
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Hydroaminoalkylation (HAA), however, is an attractive path to build α-amines through insertion 

of an alkene into a primary amine’s α-C–H bond.530 Linear, non–electrophilic alkenes are common 

substrates for transition metal–catalyzed HAAs.531,532 The actual substrate conversion in a HAA 

occurs via photoredox–induced, radical hydrogen atom transfer (HAT) catalysis.533 α-Amino rad-

icals pose a difficult species to generate due to the high oxidation potential of the nitrogen’s lone 

pair (Ep/2red = +1.53 V vs. SCE in MeCN for cyclohexane) as well as the possibility for aminium 

radicals to form N-centered aminyl radicals through N–H bond cleavage.534,535  

 

 

Figure 7. Photocatalysts used for HAT catalysis: (a) 4CzIPN. (b) 4DPAIPN. (c) 3DPA2FBN.12 

 

However, Cresswell et al. showed that azide anions can serve as effective catalytic media-

tors in the photoredox–driven generation of α-amino radicals from primary amines; chemoselec-

tive oxidation of the azide anion of a tetrabutylammonium salt (Ep/2red = +0.87 V vs. SCE in MeCN 

for tetrabutylammonium azide) by the photochemically excited photocatalyst (PC) 4CzIPN (Fig-

ure 7) creates a highly electrophilic azidyl radical that readily engages in a polarity-matched HAT 

process with the weaker α-C–H bond of a primary alkylamine.12 The resulting α-amino radical is 

a potent nucleophile that easily attacks the terminal position of an electrophilic alkene such as a 

vinyl phosphonate substrate.534,536 Cresswell and coworkers successfully reacted p-methylstyrene 

with cyclohexylamine in acetonitrile using the PC 4CzIPN, tetrabutylammonium azide as the HAT 
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catalyst/azide source, and irradiation with light of 425 nm wavelength with 17% yield.12 The pu-

tative reason for the low yield is the PC’s turnover due to the significantly more difficult reduction 

of a benzylic radical by the reduced 4CzIPN catalyst; therefore, alternative PCs with greater re-

ducing character such as 4DPAIPN and 3DPA3FBN (Figure 7) were tested, with 3DPA2FBN 

delivering the most promising results with yield up to 39%.12 An increase of azide loading also 

elevated yields as the lifetime of the excited state of 3DPA2FBN is significantly shorter (kp-1 = 4.2 

ns) than that of 4CzIPN (kp-1 = 12.7 ns).12,537 This reaction proved to be one of very few catalytic 

pathways giving immediate access to unprotected α-tertiary primary amines by C–C bond for-

mation at the α-position.538 While α,α-dialkylation in monosubstituted amines occurs at about 6%, 

those effects can be remedied by an increase of the amount of amine used. Benzylamine shows no 

reactivity, inferring that the addition step to the C=C double bond is impeded by significant in-

crease in thermodynamic stability of the benzylic radical when compared to aliphatic systems.12 

The reactivity of the free amine itself would result in innate N-alkylation and needs to be outcom-

peted via Umpolung to the typically less favored C–alkylation.534 The high selectivity of the azidyl 

radical to abstract primarily the hydrogen atom at the α-position to the primary amine is assumed 

to result from polarity-matching of the electrophilic radical with the more hydridic C–H bond α to 

the alkylamine.539 The reaction cycle of the photocatalyzed HAA consists of multiple steps that 

can be summarized as follows (Scheme 13);  

o Initial oxidation of azide anion (Ep/2[N3–] = +0.87 V vs. SCE in MeCN) by the photo-

excited PC* generates an azidyl radical (N3•). This azidyl radical acts as a potent oxi-

dant capable of abstracting hydrogen atoms, also from nonactivated alkanes.540 
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o Subsequent HAT from the comparably weak α-C–H bond of the primary amine occurs 

selectively, presumably due to a polarity-matching effect between the electrophilic az-

idyl radical and the hydridic C–H bond.541 

o The resulting α-amino radical undergoes rapid and polarity-matched addition to the 

vinyl acceptor to produce an α-carboxyl (or: phosphonyl)–stabilized radical.  

o Reduction of the α-carboxylate or phosphonate radical is induced by the PC’s radical 

anion (PC•–), followed by proton transfer from HN3 (pKa = 4.72 in H2O) to give the γ-

amino carboxylate/phosphonate radical product and regenerate the azide anion; the low 

quantum yield for product formation (Ф = 0.04) excludes the presence of efficient chain 

processes where direct and polarity-matched HAT from the primary amine to the α-

carboxylate/phosphonate radical might have occurred.534,542 

 

 

Scheme 13. Reaction cycle of photocatalytic HAA incl. HAT.12 
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Despite this process being chemo- but not stereoselective, racemic FTY720-phosphonate 

is a prime target molecule to be achieved via this route; reacting ethanolamine via photocatalytic 

α-C–H alkylation with 4-n-octylstyrene gives a tertiary aromatic amino alcohol intermediate, 

which then can be subsequently subjected to a vinyl phosphonate and one more period of high–

energetic irradiation, producing the phosphonate–protected target compound in 22% overall yield 

along with 23% of dialkylated byproduct starting from ethanolamine and the styrene.12 For the 

generation of racemic tysiponate in this work, both the PC 3DPA2FBN as well as the starting 

material 4-n-octylstyrene were synthesized from easily accessible starting materials.  

 

 

Scheme 14. Synthesis of 3DPA2FBN.12 

 

3DPA2FBN can be easily prepared in larger quantities (>2g in a single reaction scale) by 

treating diphenylamine in anhydrous THF* with sodium hydride at 50 °C and then subjecting the 

deprotonated amine to pentafluorobenzonitrile for 48 hours at RT (Scheme 14). The reaction, 

forming a yellow precipitate, was quenched with distilled water and the organic portion of solvents 

was removed in vacuo. The remaining aqueous layer was extracted with DCM, the organic layers 

were combined, dried over magnesium sulfate, and concentrated. Recrystallization in boiling ethyl 

acetate gave the pure 3DPA2FBN catalyst as a fine, bright yellow powder in 85–95% yield.12,537  
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Scheme 15. Synthesis of 4-n-octylstyrene from 1-(2-iodoethyl)-4-n-octylbenzene. 

 

4-n-Octylstyrene is prepared by refluxing commercially available 1-(2-iodoethyl)-4-n-oc-

tylbenzene with 10 eq. of sodium ethoxide solution in anhydrous ethanol* for 14 hours at 75 °C to 

initiate β-elimination of the halide, forming the desired styrene (Scheme 15). After removal of the 

solvent under reduced pressure, the residue was dissolved in DCM, filtered through a silica pad, 

and washed with distilled water and brine. The combined organic layers were dried over magne-

sium sulfate, concentrated in vacuo, and the crude product was purified via silica gel column chro-

matography (100% hexanes, RF 0.55) to give pure 4-n-octylstyrene as a faintly yellow oil of low 

viscosity in 85–90% yield. 

 

 

Scheme 16. Photocatalytic synthesis of racemic methyl-phosphoester–protected FTY720-phosphonate.12 

 

With the PC and styrene starting material in hand, the synthesis of racemic tysiponate was 
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tetrabutylammonium azide, and 2 mol-% of 3DPA2FBN and subjected to a triple freeze–pump–

thaw procedure before anhydrous, degassed DMF* (0.15M) was added. The sealed reaction vessel 

was placed in a UV/Vis photoreactor with a LED lamp producing light of 390 nm wavelength and 

stirred and irradiated for 20 hours at RT. Then, a 0.15M solution of 1.0 eq. of dimethyl vinyl 

phosphonate (DMVP) and additional 2 mol-% of 3DPA2FBN in anhydrous, degassed DMF* was 

added to the reaction mixture and the reaction was stirred and irradiated at 390 nm for 20 more 

hours.12 After completion, the reaction mixture was stored at –80 °C and solely a 10 vol.-% aliquot 

was extracted for further processing.  

 

 

Scheme 17. Deprotection of methyl esters of phosphonate giving target compound tysiponate.12 
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washing; the hydrobromide salt of tysiponate does not dissolve in this solvent mixture, yet all non-

ionic byproducts and impurities – both polar as well as nonpolar – do. Then, another centrifugation 

was performed. This washing cycle was repeated at least 10 times until the supernatant remained 

clear and colorless, indicating the completion of the product wash. The racemic FTY720-phospho-

nate was dried under vacuum overnight and the pure product was obtained as a colorless to light 

gray solid of highly electrostatic nature with a varying overall yield of 14–39%.  

Electric cell–substrate impedance sensing: Biological evaluation of tysiponate. As agonism 

on S1P1 results in cellular barrier enhancement of affected cells, an opportune method to measure 

the bioactivity of S1P1 agonists is electric cell–substrate impedance sensing, also known as ECIS®. 

Developed by Applied BioPhysics, Inc. founders Giaever and Keese in 1984 and introduced in 

1991, ECIS® allows quantification of cellular integrity, motility, and spreading through detection 

and measurement of the impedance cell cultures induce upon subjection to a given current in the 

experimental setup.543,544,545,546,547,548  

ECIS® is often referred to as a TEER (trans-endothelial electric resistance) system, which, 

however, is not accurate; in TEER, cells are grown on permeable filters to determine paracellular 

transport mechanisms and characteristics, determined by epithelial tight junctions or endothelial 

adherence junctions.549 In TEER, a direct current (DC) is flowing between two electrodes placed 

above and below the cell-occupied filter while two other measuring electrodes detect the voltage 

drop as a result of the natural insulation characteristics of the cellular membrane; this electrical 

resistance is calculated and provides a numerical quantification for the quality and properties of 

the cellular barrier.550 In ECIS®, cells are planted on circular gold electrodes in 250 µm of diameter 

with a counter electrode closing the circuit; the current applied is an alternating current (AC) of 

typically 1 µA with a given frequency, usually ranging between 1 and 40 kHz; the resulting and 
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plotted impedance is then calculated from the respective changes in voltage in mV between the 

electrodes. This allows ECIS® to study the impedance over a range of various AC frequencies, 

showing frequency-dependent cellular properties. One major advantage of this frequency variation 

over conventional TEER is the possibility to differentiate between cellular junctional impedance 

(caused by cell-cell tightness) and impedance resulting from cell-substrate interactions.547  

In the ECIS® experiment, a monolayer of cells is planted on a gold well plate acting as an 

electrode pattern or array. The application of a small alternating current I results in a potential V 

across these electrodes. The cellular monolayer covering the gold electrodes acts as a natural re-

sistor with capacitance in regard to the electrode–electrode interaction.549,551 Due to Ohm’s Law 

(equation I), the impedance Z can be determined from V and I.548  

 

Z = !
"
      (I) 

 

If the electrode array is unoccupied, an applied current meets minimal resistance. Attached 

cells, however, act as natural insulators; increasing occupation of the ECIS® electrode array with 

cells results in a rise of impedance. This impedance correlates directly with the cellular coverage 

of the electrode array and the morphology of respective cells; enhanced cellular barrier integrity 

and spreading leads to a spike in impedance as increased cellular coverage promotes overall insu-

lation, while barrier disruption and cell contraction effectively ruptures the electrode–covering 

membrane, lowering impedance.543,548 More accurately, the detected resistance shows morphology 

of the insulating cell barrier by considering resistance towards para- and trans-cellular current flow 

through cell–cell and cell–matrix interactions; the capacitance represents the overall electrode cov-

erage by insulating cells, giving insight into adhesion, spreading, and proliferation of the analyzed 
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cells.547 Therefore, the registered impedance reflects the cellular barrier integrity of – typically 

endothelial – cells cultivated on the ECIS® electrode array, which, in turn, is a direct measure for 

the potency of any S1P1 modulators these cells are subjected to in this in vitro experiment. 

Results and discussion. The tysiponate synthesized in this work was subjected to ECIS® 

screenings to evaluate its in vitro potency in comparison to equimolar concentrations of S1P and 

fingolimod as the natural as well as commercial standards, respectively (Figure 8). The registered 

impedance in Ohms was normalized for facilitated comparison of the impedance curves over time. 

S1P as the natural substrate displayed the most potent S1P1 agonism, with its normalized imped-

ance spiking to a value of 1.85 briefly after 1 µM administration to the cellular monolayer. 

Equimolar concentration of FTY720 resulted in a lower yet still significant increase of registered 

impedance of a normalized value of 1.53, delayed by approximately 30 min after administration; 

the timely delay in potency results from metabolization of the administered fingolimod into its (S)-

phosphate in vivo, which converts the prodrug into its bioactive form which then targets S1PRs. 

Tysiponate (TySIP) was administered as its hydrobromide salt in three varying concentrations: 1 

µM TySIP showed remarkably greater potency than FTY720 with an immediate impedance re-

sponse of a normalized value of 1.73, achieving comparably close potency to S1P. Surprisingly, a 

greater concentration of 10 µM of TySIP displayed a slightly decreased spike of impedance up to 

a normalized value of 1.65. It is assumed that this may be the result from the great excess of TySIP 

interacting with secondary receptors beyond the lysophospholipid receptor targets, leading to mar-

ginally barrier–disrupting effects, overall decreasing the impedance observed. 0.1 µM TySIP re-

sulted in a normalized impedance of 1.56, just marginally greater than fingolimod yet still more 

potent (Figure 8), underlining the potency of the phosphonate analog towards conventional fin-

golimod. 
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Figure 8. ECIS® results of synthesized tysiponate. Administration of tysiponate (TySIP, 1 µM) causes sig-
nificant barrier enhancement of human lung endothelial cells, exceeding potency of equimolarly adminis-
tered fingolimod (FTY720, 1 µM) and converging towards the potency of the natural substrate S1P (meas-
urement: Dr. Sara Camp, BIO5 Institute, The University of Arizona).  
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IN SILICO ANALYSIS OF STRUCTURE–ACTIVITY RELATIONSHIP BETWEEN  

SPHINGOSINE-1-PHOSPHATE RECEPTOR 1 AND SUBSTRATES  

Crystal structure of sphingosine-1-phosphate receptor 1 (S1P1). The crystal structure of 

S1P1 was retrieved as the Protein Data Bank (PDB) file 3V2Y, giving the experimental structure 

of S1P1 bound to the antagonist W146 (ML056) at a resolution of 2.8 Ångstrom, as obtained and 

published by Hanson and coworkers.13,399,552 The crystal structure was validated using ERRAT, 

with the optimal obtained quality factor exceeding 95%.i,13 The internal, co-crystallized water mol-

ecules within the receptor’s active site were taken into account in all calculations as crucial partic-

ipants in binding interactions; external solvent molecules outside of S1P1 were neither present nor 

considered in the microcosmos of this simulations.13,552  

Ligand insertion and ionization state. The selection of ligands subjected to the docking 

experiments comprises of the most prominent immunosuppressant fingolimod, its regioisomers, 

and structural phosphonate derivatives.13 In order to examine the impact of phosphorylation on the 

binding behavior to S1P1, both phosphorylated and unphosphorylated versions of agents known to 

exhibit bioactivity only upon in vitro and/or in vivo phosphorylation were included.9,503,505,552,553,554 

All substrates containing primary amines and phosphoester or phosphonate moieties were set with 

ionization states expected for S1P at physiological pH. Computational pKa findings by Noar et al. 

report S1P binding to S1P1 in overall monoanionic form; the protonated amino group carries a +1 

charge while the phosphate exists in fully deprotonated state with a charge of –2, stabilized by 

physiological pH, intramolecular hydrogen bonding of the phosphate with the protonated hydroxyl 

group of S1P, as well as by the microenvironment created by the residues of the active site within 

S1P1.555 This ionization state was applied to all simulated, structurally equivalent substrates with 

 
i ERRAT Validation UCLA Website, URL: https://servicesn.mbi.ucla.edu/ERRAT/ (accessed: 02/01/2020). 
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primary amino groups being protonated, having a charge of +1, and phosphates/phosphonates be-

ing fully deprotonated, carrying a –2 charge at pH 7.4.13,555 

Simulation setup and docking parameters. Substitution of the antagonist W146 with in the 

active site of S1P1 with the compounds to be examined in their binding behavior to the receptor 

was the onset for all simulations. Once positioned in the receptor’s active site, “QuickPrep” energy 

minimization of the substrate’s structure was performed to fully embed the freshly placed ligand 

within S1P1 and to ensure no overlaps of ligand atoms with receptor residues would occur. The in 

silico docking experiments were then executed with parameters set as summarized in Table 1. 

Most settings were kept on MOE® standard; the triangle matcher method was used as the place-

ment phase with London dG scoring. In order to obtain realistic substrate–receptor interactions 

with resulting conformations, the induced fit model was set for the Forcefield refinement method 

with GBVI/WSA dG scoring. No distinct pharmacophores were defined in MOE Pharmacophore 

Editor® as the purpose of the experiments was to observe which moieties, their constellation, and 

their presence or absence would trigger or inhibit effective binding to the active site of S1P1 with 

minimal restrictions during in silico docking. Each docking experiment of every single substrate 

was performed 100 times and the 25 lowest energy conformations (poses) were recorded in the 

order of increasing potential energy of the conformer in kcal/mol. For specific binding analysis, 

the structure of the energetically lowest S1P1–substrate conformation was visualized and analyzed 

for polar, hydrophobic, and steric attracting as well as repulsing interactions between the ligand 

atoms or moieties and specific residues of S1P1, giving explanatory insight into the obtained ener-

getic values.13  
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Table 1. MOE® docking simulation parameters.13 

MOE® docking parameter Setting 

Receptor “MOE (Receptor + Solvent)” 

Site “Ligand Atoms” 

Pharmacophore “None” 

Ligand “MOE (Ligand Atoms)” 

Placement “Triangle Matcher” 

Placement Score “London dG” 

Refinement “Induced Fit” 

Refinement Score “GBVI/WSA dG” 

Poses “25/100” 

 

Docking of sphingosine-1-phosphate (S1P). The lowest value for the potential energy of a 

docked conformer of S1P to the active site of S1P1 was –351.7 kcal/mol (Table 2). This value then 

served as the qualitative standard for all further docking energies obtained from synthetic sub-

strates in order to determine satisfactory or poor binding quality. Almost all of the recorded 25 

minimal energy values showed just small increases in energy, with the 24th energy value still being 

at –331.9 kcal/mol, indicating continuously stable binding of the endogenous ligand to its receptor.  

Both intra- and intermolecular interactions contribute to the low value recorded; one of the 

deprotonated oxygen atoms of the phosphate moiety forms a hydrogen bond with the hydroxyl 

proton of Y1102.63, while the other deprotonated oxygen of the phosphate hydrogen-bonds intra-

molecularly with the protonated amine of S1P. The latter simultaneously forms another hydrogen 

bond with residue T109. Additionally, the oxygen of the phosphoryl bond interacts with the alkyl 

chain of K34, further fixing the ligand’s head group in position of the active site. The hydrophobic 
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alkyl chain of S1P inserts into an aromatic binding pocket formed by residues F1253.33, F2105.47, 

and F2736.52 between the transmembrane helices of S1P1, also visibly affecting the conformation 

of W2696.48 (Figure 9).13  

 

 
Figure 9. Energetically lowest calculated conformation of S1P in S1P1.13  

 

Docking of antagonist W146 (ML056) and its (S) enantiomer. For reference purposes, the 

co-crystallized S1P1 antagonist W146 (ML056) from the original PDB file 3V2Y was also sub-

jected to the same docking all other substrates underwent. W146 scored a minimal energy of –331 
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kcal/mol (Table 2), with only a slight increase in conformational energy for the 25th recorded 

conformer, –310.9 kcal/mol.  

The strong binding of W146 to S1P1 results from multiple hydrogen bonds fixing the phos-

phonate of the substrate’s head group to polar residues of the active site of S1P1; T109 donates to 

both deprotonated oxygen atoms of the phosphonate, while S1052.64 and G106 form further hydro-

gen bonds with the phosphoryl oxygen of the phosphonate. Residues R1203.28 and E1213.29 form 

multiple hydrogen bonds, both donating to one of the deprotonated phosphonate oxygens of 

ML056 (W146) and interacting with each other, locking the residues’ constellation rigidly into 

place. Residue E1213.29 also acts as an acceptor for the substrate’s amid hydrogen. The protonated 

amine of ML056 (W146) also interacts with E2947.36, donating one of its hydrogen atoms to the 

deprotonated residue. The hydrophobic C6 chain of the S1P1 antagonist is in vicinity of F1253.33, 

M1243.32, and L2726.51 for nonpolar interaction (Figure 10).  

For comparison, the in silico generated (S) enantiomer of W146 (in the following referred 

to as (S)-W146) was also docked to S1P1 with identical prerequisite and simulation settings. The 

minimal energy of conformer obtained was –266.2 kcal/mol, being significantly higher than the 

co-crystallized (R) enantiomer (Table 2). The polar headgroup of the antagonist’s (S) enantiomer 

formed multiple hydrogen bonds with residues Y29, K34, and R1203.28; all three residues acting 

as hydrogen bond donors to the deprotonated oxygen atoms of the phosphonate. Lysine residue 

K34 also formed a triangle bridge with a water molecule trapped within the active site’s cavity to 

further bind to the phosphoryl oxygen atom of the substrate’s headgroup. Residues N1012.60 and 

E1213.29 also acted as hydrogen bond acceptors of the protonated amino group of (S)-W146. How-

ever, the nonpolar residue F1253.33 sterically interfered with the direct interaction of these polar 

residues, showing the stereochemical relevance for proper substrate–receptor fitting.13 
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Figure 10. Energetically lowest calculated conformation of ML056 (W146) in S1P1.13  

 

Docking of fingolimod and its (S) and (R) phosphates. Fingolimod was prepared in trifold 

version for the docking experiment to S1P1; the unphosphorylated drug was docked into the active 

site of S1P1, followed by the docking of its respective (S)- and (R)-phosphates for direct compari-

son of the effect of phosphorylation.552,13  

When docked to S1P1, unphosphorylated fingolimod was found to achieve a comparably 

high minimal energy of conformer value of –13.5 kcal/mol, with slight but steady energy increase 

of the subsequent 24 most stable conformers calculated (Table 2). The pro-(R) hydroxyl group of 

fingolimod forms a hydrogen bond with the amine of K34, which, in turn, coordinates to a water 

molecule trapped within the active site of S1P1. This water molecule also hydrogen-binds to the 
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protonated amine of fingolimod, forming an intermolecular bridge between its hydroxyl group and 

its amine moiety. The protonated amine of FTY720 furthermore hydrogen-binds to the deproto-

nated carboxyl oxygen of E2947.36. The aromatic core of fingolimod was found to be trapped be-

tween L2977.39 and N1012.60, while the drug’s alkyl tail is embedded between the transmembrane 

helices’ residues F1253.33, F2105.47, F2736.52, and W2696.48 (Figure 11). 

 

 
Figure 11. Energetically lowest calculated conformation of unphosphorylated FTY720 in S1P1.13  
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Figure 12. Energetically lowest calculated conformation of FTY720-(S)-phosphate in S1P1.13  

 

Phosphorylation of the substrate leads to substantial gain in energy upon interaction with 

the active site of S1P1; the (S)-phosphate of FTY720 was calculated to obtain a minimal energy of 

conformer value of –383.3 kcal/mol, significantly exceeding the binding affinity registered at S1P 

docking (Table 2). The rise in energetical values observed in the subsequent 24 optimized poses 

of fingolimod-(S)-phosphate in S1P1 was relatively small, with the 25th value still being maintained 

at –360.2 kcal/mol. The phosphoryl of the ligand interacts with the alkyl chain of K34 while one 

of the phosphate’s deprotonated oxygen atoms forms a hydrogen bond with the acidic proton of 

Y1102.63. The other deprotonated oxygen of the phosphate engages in an intramolecular hydrogen 
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bond with the substrate’s protonated amino group. Fingolimod’s lipid C8 tail chain is embedded 

between helical residues Y982.57, M1243.32, F1253.33, and W2696.48 (Figure 12). 

 

 
Figure 13. Energetically lowest calculated conformation of FTY720-(R)-phosphate in S1P1.13  

 

The docking simulation of the (R) enantiomer to the active site of S1P1 gave the lowest 

recorded minimal energy of conformer value of –384.8 kcal/mol with a minor energy increase of 

the following 24 subsequent conformers, ranging up to -362.1 kcal/mol for the 25th conformer 

(Table 2). When docked into S1P1, the (R)-phosphate’s phosphoryl oxygen develops a hydrogen 

bond with the amide proton of G106 while the deprotonated oxygen of the phosphate 
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intramolecularly hydrogen-bind to the protonated amino group of fingolimod. This amino group 

also interacts with S1052.64, while the aromatic core of the ligand is held in place by residues 

N1012.60 and L2977.39. The alkyl tail of fingolimod-(R)-phosphate was found to insert in a densely 

aligned pocket formed by transmembrane residues M1243.32, F1253.33, L195, Y198, W2696.48, 

L2726.51, and L276 (Figure 13).552,13 

Docking of fingolimod’s (S) and (R) regioisomers and their phosphates. The docking ex-

periments of the (S) and (R) regioisomers of fingolimod were also conducted with the compounds 

being in their unphosphorylated as well as phosphorylated states. As before, the lack of phosphate 

renders the ligands in stressed conformations within the active site of S1P1, yielding relatively high 

energy of conformer values in the docking simulations; the minimal calculated values for both 

unphosphorylated enantiomers in the receptor are close to 0 kcal/mol, indicating a strong drive 

towards active dissociation of the substrate–enzyme complex rather than binding. The energetic 

results of subsequent optimized conformers quickly exceed the threshold of 0 kcal/mol, reaching 

positive energy values.  

With a minimal conformational energy value of –1.918 kcal/mol (Table 2), the unphos-

phorylated (R) regioisomer’s tertiary hydroxyl group’s hydrogen donates to a hydrogen bond with 

the oxygen of S1052.64, while the protonated secondary amine of the residue of R1203.28 was ob-

served to form another hydrogen bond with respective hydroxyl’s oxygen. The aromatic core of 

the ligand interacts with L2977.39 and N1012.60 and its alkyl chain strongly bent between hydro-

phobic transmembrane residues M1243.32, F1253.33, F2105.47, and in some more distance F2736.52. 

The unphosphorylated (S) regioisomer of unphosphorylated fingolimod displayed the high-

est minimized energy (least favorable binding) of –0.8 kcal/mol (Table 2). Its protonated amine 

forms an intramolecular hydrogen bond with the oxygen of the regioisomer’s primary hydroxyl 
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group and donates to another hydrogen bond with the oxygen of T109. The tertiary hydroxyl group 

of the ligand coordinates a water molecule in the active site of S1P1, which is further hydrogen-

bound to the primary amine of K34. The alkyl tail of the ligand resides between F1253.33, F2105.47, 

F2736.52, and L2726.51 and L276. 

The presence of a phosphate resulted in a significant drop in the energetics (better binding) 

of the formed fingolimod regioisomer conformers within the active site of S1P1; the docking sim-

ulation of the (R) regioisomer phosphate of fingolimod yielded a minimal value of –365.7 kcal/mol 

(Table 2) with solely a slight increase in potential energy up to –346.3 kcal/mol with the 24th 

substrate–receptor conformer simulated. The phosphate actively participates in the fixation of the 

polar head group of the ligand to the hydrophilic cavity of the active site of S1P1; the phosphoryl 

oxygen of the ligand’s phosphate acts as the acceptor of a hydrogen bond donated by the hydroxyl 

group of Y1102.63 while the deprotonated oxygen atoms of the phosphate coordinate intramolecu-

larly with both the protonated amine of the substrate as well as its hydroxyl group. The latter also 

exhibits another hydrogen bond to the amino group of K34. The C8 chain of the substrate aligns 

with the hydrophobic residues Y982.57, M1243.32, W2696.48, and V3017.42. 

FTY720-(S)-regioisomer-phosphate was docked to S1P1 yielding an optimized energy of 

conformer value of –363.1 kcal/mol (Table 2). The next 23 conformers recorded only reach a 

marginal energetic increase up to –343.9 kcal/mol, supporting the stability of this ligand’s binding. 

In the active site of S1P1, the amide hydrogen of G106 donates to a hydrogen bond with the phos-

phoryl oxygen of the phosphate, which also forms an intramolecular hydrogen bond with the sub-

strate’s protonated amino group. The latter furthermore locks onto S1052.64. The regioisomer’s 

hydroxyl group participates in further hydrogen bonding, as it acts as an acceptor of the protonated 

amine of K34. The aromatic center of the substrate is again locked in position by residues L2977.39 
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and N1012.60, so the hydrophobic chain can insert in the helical pocket formed by transmembrane 

residues F1253.33, F2105.47, W2696.48, and L2726.51.552,13 

 

 
Figure 14. Energetically lowest calculated conformation of FTY720-(S)-enephosphonate in S1P1.13  

 

Docking of FTY720-(S)- and (R)-vinylphosphonates. During synthesis of the fingolimod 

phosphonate analogs, vinyl- or enephosphonate intermediates produced noticeable bioactivity.9 

The binding behavior to S1P1 of these previously described (S)- and (R)-enephosphonate analogs 

of FTY720 and TySIP was also evaluated. 
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Docking of the (S)-enephosphonate derivative of fingolimod yielded a minimal energy of 

conformer value of –314.3 kcal/mol (Table 2). Up to the 24th following conformer no greater 

energy value than –290 kcal/mol is recorded; however, the 25th and final energetically favorable 

conformer displays a significant increase to –232.5 kcal/mol, possibly indicating conformational 

limitation through straight due to given unsaturation. In the binding of the (S)-enephosphonate to 

S1P1, K34 appears to play a significant role, as it forms a coordinating triangle between one depro-

tonated oxygen atom of the phosphonate and a trapped water molecule inside the active site’s 

cavity of S1P1, which, in turn, also is coordinated to the phosphonate oxygen. Residue K34 is 

further fixed by the phosphoryl oxygen of the ligand, as well as the carbonyl of T193. The proto-

nated amine of the ligand forms a hydrogen bond with the deprotonated carboxylic acid of residue 

E2947.36 as well as the oxygen of S1052.64. With the aromatic core interacting with L2977.39, the 

alkyl tail resides in a pocket made of aromatic transmembrane residues F1253.33, F2105.47, F2736.52, 

and W2696.48 (Figure 14).  

FTY720-(R)-enephosphonate was docked to S1P1 with obtaining a minimal energetic con-

former value of –317.1 kcal/mol (Table 2). The increase in energy values for the remaining 24 

conformers recorded was relatively small as the highest energy value measured –291.4 kcal/mol. 

Interestingly, there was no rapid energy increase in any of the final recorded conformations as seen 

in the (S)-enephosphonate. As observed in its enantiomer, the (R)-vinylphosphonate exhibits the 

same hydrogen bond triangle interaction between the deprotonated oxygen atoms of its phospho-

nate moiety, residue K34, and a trapped water molecule within the active site of the receptor. What 

was not observed in the (S) enantiomer, however, was the interaction of the C2 vinyl proton of the 

substrate with the deprotonated carboxylic acid of E2947.36 which points directly at it. Furthermore, 

the enephosphonate’s hydroxyl group donates to a hydrogen bond to S1052.64. The hydrophobic 
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tail of the ligand inserts in the aromatic pocket formed by F1253.33, F2105.47, F2736.52, and 

W2696.48.13 

Docking of FTY720-(S)-phosphonate (tysiponate) and its (R) enantiomer. With the instal-

lation of a phosphonate moiety instead of the phosphoester generated in vivo in the case of fin-

golimod, Lu and coworkers created an analog of the FDA–approved immunosuppressant that with-

stands phosphatase cleavage, resulting in greater cellular stability of the agent.9 In the in silico 

docking analyses performed, the phosphonates proved to act very similarly to the conventional 

fingolimod phosphates, resulting in comparable energetic values for their optimized conformers 

within the active site of S1P1.  

 

 
Figure 15. Energetically lowest calculated conformation of tysiponate in S1P1.13  
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Tysiponate reaches after docking optimization a conformational energetic minimum of –

339.9 kcal/mol (Table 2) with only a minor increase in potential energies of the remaining rec-

orded conformers with values up to –319.2 kcal/mol. The phosphoryl oxygen and one deprotonated 

oxygen of the phosphonate interact with the alkyl chain of K34. The hydroxyl group of the ligand 

forms a hydrogen bond with the amide proton of S1052.64 while the proton of same hydroxyl group 

of the substrate donates to another hydrogen bond with the oxygen of T109. The alkyl chain of 

tysiponate firmly inserts between M1243.32, F1253.33, W2696.48, and Y982.57 with slightly greater 

distance (Figure 15). 

Docking of the (R) enantiomer of tysiponate to the active cavity of S1P1 gave a minimal 

conformational energy value of –338.6 kcal/mol (Table 2). The increase in all subsequent recorded 

conformers is almost neglectable, reaching a maximum energy of conformer value of –318.3 

kcal/mol with the 25th recorded substrate–enzyme conformer. In the (R)-phosphonate, the depro-

tonated oxygen of the phosphonate acts as the acceptor in a hydrogen bond with the amine of K34, 

which coordinates to a water molecule enclosed in the receptor’s active site. The phosphoryl oxy-

gen forms one hydrogen bond with the protonated secondary amine of the residue of R1203.28 and 

another intramolecular hydrogen bond with the ligand’s own protonated amine. The C8 chain of 

fingolimod-(R)-phosphonate inserts between residues F2656.44 and W2696.48, and also appears to 

align with S3047.46 in the transmembrane domain of S1P1.13 

Results and discussion. Polar head group interactions. The comparison between phosphor-

ylated and unphosphorylated substrates illustrates the relevance of phosphorylation of the ligand 

for high–affinity interaction with S1P1; the considerable differences between calculated energy of 

conformer values of unphosphorylated substrates and their respective phosphates and phospho-

nates result from a multitude of additional polar interactions observed only upon presence of a 
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phosphate or phosphonate head group and a zwitterionic character of the overall ligand.552 Resi-

dues K34, S1052.64, Y1102.63, and T109 play a substantial role in fixation of a phosphate within the 

polar active cavity facing the extracellular compartment of S1P1. Analyses of conformations of 

S1P, the phosphate enantiomers of fingolimod, as well as the respective regioisomer phosphates 

within the active site of the receptor strongly suggest that the hydroxyl groups of T109 and Y1102.63 

effectively engage in hydrogen bonding with the deprotonated oxygen atoms and the phosphoryl 

oxygen of the phosphoester, locking the head group in place and inducing the binding event. The 

protonated amino group of K34 appears to be of essential importance, as nearly all docking models 

showed strong and often multiple intramolecular interactions with the side chain and terminal 

amine of this lysine residue; the phosphoryl oxygen of the ligands’ phosphate or phosphonate 

moieties showed particular affinity to K34, often forming a bridged triangle with one water mole-

cule trapped inside the active cavity of S1P1. This presence of water is assumed to be crucial for 

proper binding functionality of substrates, as previous library screenings of class II agonists indi-

cated that it is mainly K34 and R1203.28 that continuously bind to the substrate’s phosphate via a 

salt bridge, whereas polar residues N1012.60 and E1213.29 thought to be essential for binding actu-

ally do not engage the phosphate itself.489,556,557,558 S1052.64 was also shown to interact with the 

protonated amino groups of fingolimod phosphates and phosphonates, but also acted as a donor 

for hydrogen bonding with the hydroxyl group of phosphonate substrates, as previously calculated 

in distinct MD simulations by Yuan and coworkers.13,557  

 In contrast to the high-affinity binding of phosphorylated ligands, unphosphorylated sub-

strates showed relatively high conformational energy values when docked to S1P1, indicating high 

Kd values of these complexes (Table 2).552,13 K34 and E2947.36 (in the case of unphosphorylated 

fingolimod), S1052.64 and R1203.28 (unphosphorylated (R)-regioisomer), and T109 (for the 



 128 

unphosphorylated (S)-regioisomer) were the only residues that displayed attractive interactions 

with the hydroxyl groups and the protonated amine, but lacked consistency in the optimized con-

formers recorded.13 As extracellular loops 1 (ECL1) and 2 (ECL2) of S1P1 are known to pack over 

the N-terminus of the receptor, folding over the amphipathic groove on the external ligand binding 

site, substrates that lack high affinity to respective active cavity do not enter and stay within the 

receptor, failing to bind and activating it.558,559  

Lipophilic tail interactions. While the polar active site serves as the inducing binding event 

of a substrate to S1P1, the interaction of the lipid tail of the ligand with the hydrophobic transmem-

brane domain of the receptor determines agonism versus antagonism.557,560,561 From the crystal 

structure of the S1P1 in conformation with antagonist W146 (ML056) and from previous MD ex-

periments with S1P, it is concluded that the hydrophobic tail of potential S1PR ligands inserts into 

a mostly aromatic binding pocket formed by residues from the transmembrane helices TM3, TM5, 

TM6, and TM7; in particular, residues F1253.33, F2105.47, and F2736.52 form a cluster centered 

around TM5 that is highly responsive to the shape and length of a substrate’s lipid tail.399,13,557,561 

This observation was confirmed in the docking experiments; the C8 alkyl chains of all docked 

substrates, including unphosphorylated compounds, were consistently found embedded between 

phenylalanine residues F1253.33, F2105.47, and F2736.52. Interestingly, residues N1012.60 and 

L2977.39 often interacted with the aromatic core of the substrates rather than with the polar head 

groups. Residue M1243.32 was also found to align regularly with the often-bent lipid tail of the 

fingolimod phosphates and derivatives, contributing to a lipophilic binding pocket. Yuan and 

coworkers postulated the occupation and movement of the sphingoid acyl tail results in flipping 

of reside W2696.48, which, in turn, induces water influx into the receptor by rearrangement of helix 

TM6, activating a conformational switch for binding of a G protein from the cytoplasmic site.557 
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Without exception, all substrates subjected to S1P1 docking displayed alignment and rearrange-

ment of W2696.48 in proximity to the aromatic pocket, strengthening the assumption that insertion 

into the phenylalanine pocket between TM3, TM5, TM6, and TM7 does induce a rearrangement 

of the tryptophan residue. However, for further analyses of the exact mechanism of activation of 

S1P1 through agonism a different simulation might be required, as the occupation of S1P1 by a 

sole agonist in a microenvironment without a coupled G protein cannot induce and stabilize the 

fully active state of the receptor.561,562 With the hydrophobic pocket formed by F1253.33, F2105.47, 

and F2736.52 and a fixed aromatic center by interacting residues N1012.60 and L2977.39, the substi-

tution pattern around the benzene ring is expected to define the bioactivity of the substrate; as 

fingolimod and its para analogs are considered agonists, para substitution is associated with ago-

nism, while meta substitution (as seen in W146) indicates antagonism due to distortion of the 

transmembrane helices through the phenylalanine binding pocket associating around the lipid 

tail.399,13,561 

Stereochemical and intramolecular effects. Both enantiomers of all chiral substrates were 

subjected to the identical docking simulation to elucidate possible preferences regarding the stere-

ochemistry of the compounds. Interestingly, with only one exception, it was found that in all cases 

the (R) enantiomer showed slightly more favorable binding in the in silico docking experiments 

(Table 2). The smallest difference in energy values could be recorded during docking of the 

FTY720-(S)- and (R)-phosphonates; the optimized energy of the most stable conformer of the (R) 

enantiomer in S1P1 was found to be 1.319 kcal/mol lower than the one of its (S) counterpart. The 

(R)-phosphate of FTY720 achieved a conformer with a potential energy lower by 1.567 kcal/mol 

in comparison with its (S) enantiomer, the phosphates of the fingolimod regioisomer differ by 

2.642 kcal/mol in favor for the (R) enantiomer, and the (E)-vinylphosphonate enantiomers show a 
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energetical difference of 2.785 kcal/mol with the (R) enantiomer being the energetically more fa-

vorable conformer.  

The docked unphosphorylated regioisomers of fingolimod displayed an energetical differ-

ence of 1.103 kcal/mol, being the lowest discrepancy of all recorded chiral substrates in this ex-

periment, indicating the lack of relevance of chirality upon low binding affinity due to the absence 

of a phosphate moiety. This insinuates it is predominantly the phosphorous–carrying group of the 

substrate whose symmetry and 3-dimensional orientation does make a difference in preferential 

binding, even if that difference appears to be subtle in in silico experiments. Since the amino group 

and the hydroxyl moiety of the ligands are bound to the same chiral carbon, hence, inevitably point 

in opposite directions, it is the presence, orientation, and intra- as well as intermolecular interaction 

of the third moiety (the phosphate or phosphonate) that locks the substrate in a specific confor-

mation. The phosphate/phosphonate effectively inhibits the molecule’s free rotation along its own 

axis so it could always meet an optimal pose for its amino and hydroxyl groups to freely match 

with residues on opposite sides of the cavity. This is achieved by both intermolecular as well as 

intramolecular interactions of the phosphate/phosphonate; while anchoring the substrate predom-

inantly to K34, S1052.64, and Y1102.63 (intermolecularly), the phosphates and phosphonates de-

velop in all cases intramolecular hydrogen bonds with majorly the ligand’s own protonated amino 

group. This rigidity locks a sterically fitting substrate along with the intermolecular interactions of 

its functional groups oriented towards matching residues in a position where the hydrophobic alkyl 

tail can insert between the transmembrane helices, being embedded in the aromatic binding pocket, 

and induce a rearrangement of the transmembrane helices, eventually leading to the activation of 

the receptor and its interaction with a coupled G protein.13  
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Table 2. Energy of conformer values of docked substrates to S1P1.13 

Compound Lowest calculated energy of conformer 
[kcal/mol] 

FTY720-(R)-phosphate -384.8 

FTY720-(S)-phosphate (fingolimod) -383.3 

FTY720-(R)-regioisomer-phosphate -365.7 

FTY720-(S)-regioisomer-phosphate -363.1 

S1P -351.7 

FTY720-(S)-phosphonate (tysiponate) -339.9 

FTY720-(R)-phosphonate -338.6 

ML056 (W146) -331 

FTY720-(R)-enephosphonate -317.1 

FTY720-(S)-enephosphonate -314.3 

(S)-ML056 -266.2 

FTY720 (unphosphorylated fingolimod) -13.5 

FTY720-(R)-regioisomer (unphosphorylated) -1.9 

FTY720-(S)-regioisomer (unphosphorylated) -0.8 

 

The computational results in Table 2 indicate an overall greater efficacy of the (R) enanti-

omers of both the phosphate as well as the phosphonate of FTY720. That, however, is not observed 

in biological experiments where solely the (S) enantiomer of TySIP proves to deliver the desired 

effect.9,501,502 A possible explanation relies on the inaccuracy of such computational studies; the 

modeling of such ligand–receptor interactions is a microscopic event, only taking the very ligand 

and solely the utilized receptor into account. Ligand competition and receptor promiscuity with 

their impact on the macroscopic effects observed in the cell or entire organism are not considered 
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in these docking simulations and therefore can lead to deviating results when compared to in vitro 

or even in vivo experiments with the same compounds. The marginal difference in value between 

the S1P1 docking energies of the corresponding (R) and (S) enantiomers of FTY720-phosphate and 

-phosphonate further indicate the narrow sensitivity window these binding events might take place 

in, making it difficult for a computational approximation to ideally grasp the efficacy as it occurs 

in a physiological system.  
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DESIGN AND SYNTHESIS OF NOVEL  

SPHINGOSINE-1-PHOSPHATE RECEPTOR 1 AGONISTS 

Amide–based “meta drug” series. Due to their computational nature, in silico results gen-

erally tend to deliver a large amount of data in comparably short periods of time. In the aspect of 

drug discovery, a noticeable number of potentially potent sphingolipid derivatives effectively tar-

geting S1P1 could be modelled and evaluated. Quick synthesis of all such candidates can pose a 

significant challenge, especially in the academic scope.  

Fingolimod and tysiponate represent so–called all–carbon systems: molecules whose inner 

scaffold consists solely of a hydrocarbon skeleton without heteroatomic components fusing the 

lipophilic tail, aromatic core, and the polar head group of the molecule. However, during the early 

exploration of alternative fingolimod analogs, a number of potential drug candidates were success-

fully assembled through amide linkage; despite generally lower cellular stability – presumably due 

to the hydrolyzable character of an amide bond – compounds from the well described VPC series 

exhibited profound bioactivity and gave substantial first insight into the relevance of the presence 

of certain functional groups and sterical attributes triggering agonism or favoring antagonism of 

S1PRs upon binding.440,441,443,444 Fusing preassembled parts of the target molecule via an amide 

bond facilitates the overall synthesis, enabling the generation of a greater array of potential drug 

candidates available for rapid screening for bioactivity in vitro. From this concept, the strategy of 

the generation of a series of “meta drugs” – intermediate drug candidates synthetically easily avail-

able and termed that way by Dr. Robin Polt at the University of Arizona – emerged, where the 

most promising compounds modelled, docked, and evaluated in silico are then rapidly synthesized 

in the form of their amide analogs for quick TER screening to prove whether their features also 

favor S1P1 binding in reality.  
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This “meta drug” strategy features three major advantages;  

o Time advantage: Synthesis of an amide linker is generally significantly more facile 

than the total synthesis of an all–carbon system, enabling the generation of a greater 

number of compounds within a profoundly shorter time span. 

o Cost advantage: Utilizing the amide linkage, commercially available prefabricated 

compounds containing either most and possibly even all features desired to be incor-

porated into the final target molecule require only a carboxylic acid moiety and/or a 

free amine. This circumvents tenacious and potentially error-prone because often en-

antioselective total syntheses of molecule fragments from scratch, rendering the overall 

process often significantly more cost-effective. Amino acids are an obvious option. 

o Diversity advantage: As long as the actual amide coupling reaction does not interfere 

with other moieties of the fused components, the only restriction of the starting mate-

rials is their requirement to bear either a carboxylic acid functional group and/or a free 

amine. Since this gives access to a nearly endless array of reagents to begin with, using 

the amide bond generation for assembly of the target “meta drug” allows for remarka-

ble diversity of the latter, making the generation of drug candidates extremely flexible.  

The generated array of “meta drugs” is then subjected to ECIS analysis to determine which 

amide–based fingolimod/tysiponate analogs pose the most potent candidates in vitro. Upon TER 

evaluation, these most promising “meta drugs” are then selected for their more challenging yet at 

this point also more paying conversion into their all–carbon system equivalents (Figure 16). As 

the number of compounds is thinning in each selection step, the scope of the synthesis of specific 

all–carbon analogs becomes increasingly feasible; simultaneously, this process effectively sorts 
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out drug candidates unlikely to display significant in vivo potency and refine the ones that repeat-

edly prove to be the most promising compounds to target S1P1.  

 

 

Figure 16. Drug discovery using the generation of amide–based “meta drug” candidates: in silico model-
ling introduces a great number of potential and novel S1P1 substrates; docking simulations and SAR eval-
uation help selecting an array of the most promising candidates for actual synthesis in the form of easily 
accessible amide–based “meta drugs”; TER screening of synthesized “meta drugs” filters the most potent 
amide–based candidates; these few lead compounds are then resynthesized as their all–carbon analogs. 

 

As both fingolimod and tysiponate feature a C8 alkyl chain in para substitution at the aro-

matic center, 4-n-octylaniline was chosen to pose one of the starting materials for the “meta drug” 

generation, right away providing the aromatic core and the lipophilic tail of the eventual target 

compounds. Based on novelty as well as initial in silico results, a series of commercially available, 

typically N-Boc– or N-Fmoc–protected amino acids featuring a free carboxylic acid acted as the 

coupling partners, introducing the head group to the drug candidate. Upon the peptide coupling of 

the two reagents removal of the remaining protecting groups the respective amino acid features 
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typically gives the final compound. However, amino acids that contain a masked primary hydrox-

ylic group were specifically O-deprotected, oxidized to their respective aldehyde, and converted 

into their phosphonate equivalent in order to investigate the impact of a preinstalled phosphonate 

moiety at the drug candidates’ S1PR binding properties (Scheme 18).  

 

 

Scheme 18. Synthesis of the initial array of amide–based “meta drug” candidates from 4-n-octylaniline. 

 

Peptide coupling. The amide formation was performed as a classical peptide coupling us-

ing 1.0 eq. of 4-n-octylaniline, a slight excess of 1.5 eq. of the respective (amino) acid, 1.5 eq. of 

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) hydrochloride as the coupling agent, 1.5 

eq. of 6-chloro-1-hydroxy-benzotriazole (6-Cl-HOBt) dihydrate as a racemization suppressant, 

and 0.5 eq. of 4-dimethylaminopyridine (DMAP) as an coupling–enhancing/accelerating base ad-

ditive in anhydrous DCM*. To form the active ester, EDC and 6-Cl-HOBt were first reacted in a 

1:1:1 ratio with the (amino) acid to be coupled along with the addition of relative 0.33 eq. of 

DMAP in DCM* for 10 minutes at RT. This solution of the formed active ester was then added 
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dropwise to a solution of relative 0.66 eq. of the aniline in DCM* and the reaction mixture was 

allowed to stir at RT for 24–48 hours (Scheme 19).  

 

 

Scheme 19. Peptide coupling reagents (top) used in general amide bond formation reaction (bottom). 

 

The excess of the (amino) acid used promoted full conversion of the aniline which would 

pose a more challenging impurification to remove as it shares similar retention times with many 

of the products during flash chromatography, whereas unreacted active esters of the amino acid 

typically could be removed with washing of the organic layer with bicarbonate–infused water dur-

ing workup. Silica gel column chromatography using a mobile phase composed of chloroform and 

acetone (10:1) proved to reliably purify the vast majority of the obtained amide products. 

Deprotection. As all amino acids used in the peptide coupling reaction contain protection 

groups (PGs) of their heteroatomic functional groups other than the carboxylic acid, unmasking of 

these moieties was required for completion of the analog syntheses. Fluorenylmethyloxycarbonyl 

(Fmoc) PGs masking hydroxyl and amino groups were cleaved using 0.2 eq. of DBU in anhydrous 

DCM* for 3–5 hours at RT, giving the product in good yields (Scheme 20).563  
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Scheme 20. Fmoc deprotection of alcohol (top) and amino groups (bottom) in TySIP analog synthesis.563 

 

Amines masked by N-tert-butyloxycarbonyl (N-Boc) PGs were deprotected through short 

treatment with 3M methanolic HCl at RT (Scheme 21), reliably yielding the free amine.564 As the 

acidic conditions form the hydrochloride salt, subsequent stirring in anhydrous diethyl ether effec-

tively precipitates the pure product which is collected by centrifuging the fine dispersion and de-

canting the supernatant. Certain analogs – such as the Phe derivative – appear to be too soluble in 

ether; solvent substitution with pure hexanes still leads to complete precipitation. The centrifuged 

solid is then washed with additional cooled solvent to obtain the pure product.  

 

 

Scheme 21. N-Boc deprotection of amines in TySIP analog synthesis.564 

 

Benzylether moieties were cleaved by conventional hydrogenation using 20% Pearlman’s 

catalyst and high pressures of hydrogen in a PARR hydrogenation apparatus (Scheme 22). The 

substrate was dissolved in a 1:1 mixture of ethyl acetate and methanol, 50 weight-% of palladium 

hydroxide on carbon were added, and the dispersion was subjected to 1,500 psi of hydrogen pres-

sure under intense stirring, giving full conversion of the starting material to product.  
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Scheme 22. Benzylether cleavage in TySIP analog synthesis.  

 

Further modification of selected intermediates. TySIP amide analogs containing a primary 

hydroxyl group posed particularly attractive candidates for further derivatization. Since phosphor-

ylation and/or phosphonation proved to affect binding behavior of both natural as well as synthetic 

substrates to S1PRs, all synthesized substrates bearing primary hydroxyl moieties were converted 

into their respective phosphonates using the Horner-Wadsworth-Emmons reaction exploited in the 

conventional tysiponate synthesis.9,552,13 Conversion of the alcohol into its aldehyde via TEMPO–

catalyzed oxidation utilizing sodium hypochlorite posed a prerequisite for the subsequent phos-

phonation with tetramethyl methylenediphosphonate and sodium hydride as the base.9,511 After 

installment of the dimethyl phosphonate, subjection of the product to 10 eq. of TMSBr in anhy-

drous DCM* with subjection hydrolysis in 95% methanol yielded the unprotected vinylphospho-

nate TySIP amide analogs (Scheme 23). 

 

 

Scheme 23. Derivatization of hydroxyl–bearing TySIP amide analogs to their respective vinylphospho-
nates; TEMPO–catalyzed oxidation prepares the aldehyde, which is then converted into the vinylphospho-
nate using the Horner-Wadsworth-Emmons reaction; TMSBr phosphomethylester cleavage with subse-
quent methanolic hydrolysis gives the final product in the form of its hydrobromide salt.9,511  
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In vitro analysis of generated meta drugs. All amide–based meta drugs synthesized were 

subjected to ECIS® screenings in order to evaluate their S1PR potency. Just like tysiponate, all 

tested compounds were screened at 0.1 µM, 1 µM, and 10 µM concentrations on human lung ECs 

and compared to 1 µM S1P, FTY720, and TySIP standards.  

 

 
Figure 17. ECIS® results of synthesized TySIP amide analogs TYS-AA02a–7 in comparison to tysiponate 
(measurement: Dr. Sara Camp, BIO5 Institute, The University of Arizona).  

 

 Neither of the further functionalized amino acid–based L-His-, L-Thr-, L-Phe-, L-Ala-, and 

4-trans-hydroxy-L-Pro analogs, nor the trivial glycolic acid amide analog proved any S1PR po-

tency at any concentration. As simulation studies indicated in silico, phosphorylation or presence 

of a pre-installed phosphonate moiety at the polar head group of the prospective ligand appears to 

be key for its bioactivity towards S1PRs.552  
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Two (amino) acids posed starting materials for eventual primary alcohols that could be 

further derivatized into synthetic phosphonates; L-Ser served as the coupling partner to eventually 

give the tysiponate L-Ser phosphonate amide analog TYS-AA01-Pn. Upon ECIS® analysis, the 

hydrobromide of this compound proved significant bioactivity; while 0.1 µM and 1 µM concen-

trations did not deliver notable activity results, a 10 µM concentration of TYS-AA01-Pn displayed 

a normalized impedance spike of 1.44, comparable with the behavior of fingolimod at 1 µM, even 

if at a tenfold greater concentration (Figure 18). This tenth of fingolimod’s potency may be at-

tributed to the lack of an additional hydroxyl moiety found in FTY720 as well as TySIP, yet not 

in TYS-AA01-Pn. Despite this dampened bioactivity compared to FTY720 and TySIP, TYS-

AA01-Pn, however, remarkably shows an almost identical potency behavior as FTY720 and Ty-

SIP as experiment time progresses; all three substrates’ impedance declines in similar fashion, 

indicating closely comparable agonism of S1P1 and possibly other S1PRs (Figure 18). This further 

supports the assumption retrieved from in silico studies that the length and position of the lipophilic 

tail of the ligand dictates agonism or antagonism, whereas the polar head group assists only in the 

initial binding event within the extracellularly directed active site.13 
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Figure 18. ECIS® result of synthesized TySIP Ser phosphonate amide analog TYS-AA01-Pn in comparison 
to TySIP, FTY720, and S1P; TYS-AA01-Pn shows comparable potency as fingolimod at tenfold concentra-
tion with nearly identical activity behavior over time when compared to FTY720 and TySIP (measurement: 
Dr. Sara Camp, BIO5 Institute, The University of Arizona).  

 

 Another analog displaying potency in vitro is a further derivatized variant of the glycolic 

acid amide analog TYS-AA07. The phosphonate TYS-AA07-Pn causes a rapid spike of imped-

ance at a normalized value of 1.44 at 10 µM, again comparable to FTY720 at a tenfold smaller 

concentration of 1 µM (Figure 19). However, despite the promising potency shortly after admin-

istration, the registered impedance of TYS-AA07-Pn very quickly decreases as experiment time 

progresses. This is presumably due to the complete lack of any further heteroatomic functional 

groups at the ligand’s head group that could stabilize its fixing within the receptor; the ligand is 

believed to diffuse out of the GPCR almost just as easily as it enters it, mitigating both its initial 

efficacy as well as its overall potency over time.  
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Figure 19. ECIS® result of synthesized TySIP glycolic acid phosphonate amide analog TYS-AA07-Pn in 
comparison to TySIP, FTY720, and S1P; TYS-AA07-Pn shows slightly weaker potency than fingolimod at 
tenfold concentration and its bioactivity quickly declines over time (measurement: Dr. Sara Camp, BIO5 
Institute, The University of Arizona).  

 

Despite the lower S1PR binding affinity of TYS-AA07-Pn, the TER results strongly indi-

cate that the presence of a preinstalled phosphonate moiety in the ligand greatly enhances receptor 

targeting. Therefore, a facile Horner-Wadsworth-Emmons reaction was performed on the α,β-un-

saturated aldehyde product of the Eschenmoser methylenation in the classic tysiponate synthesis 

by Bittman et al. to evaluate this easily accessible phosphonate analog containing a terminal meth-

ylene group in place of heteroatomic functional groups besides the phosphonate itself. The result-

ing α,β-unsaturated phosphonate was then also subjected to ECIS® along with the prefinal TySIP 

stage, the (S,E)-vinylphosphonate (Figure 20).  
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Figure 20. ECIS® result of FTY720-(S,E)-vinylphosphonate (TySIP S13) and methylene phosphonate ana-
log Stage 06-Pn in comparison to tysiponate and S1P; while the vinylphosphonate does show significant 
potency at concentrations ranging from 1–10 µM, the methylene phosphonate does not display any bioac-
tivity at a 0.1 µM concentration (measurement: Dr. Sara Camp, BIO5 Institute, The University of Arizona).  

 

FTY(720)-(S,E)-vinylphosphonate TySIP S13 shows potency comparable to the final ty-

siponate product, with concentrations ranging between 1 and 10 µM reaching normalized imped-

ance values up to 1.4 (Figure 20). It is assumed that the double bond within the polar head group 

causes rigidity that impairs fully required flexibility of the ligand as found in the fully saturated 

tysiponate molecule, rendering the ligand slightly less affine to the receptor’s active site for bind-

ing when compared to TySIP.  

The α,β-unsaturated phosphonate derived from the aldehyde intermediate of Bittman’s Ty-

SIP synthesis, however, does not show any activity in vitro at a measured concentration of 1 µM 

(Figure 20). This supports the assumption that despite the phosphonate being presumably the 



 145 

major moiety triggering the binding event of a ligand to a S1PR, the substrate’s polar head group 

still requires at least another functional group in sterically favorable position to lock the ligand into 

position within the active site. This has been also shown in the trends observed in the bioactivity 

behavior over time of TYS-AA01-Pn and TYS-AA07-Pn.   
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CHAPTER 5 

FUTURE DIRECTION AND OUTLOOK 
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The goal of this work was to establish a shorter and more economic synthesis of the fin-

golimod analog tysiponate for larger–scale studies in terms of its medical applicability for autoim-

mune disorders primarily in the respiratory system and to examine the structural features of both 

natural as well as synthetic S1PR ligands with regard to their effects on agonism vs. antagonism 

in the target receptor.  

While O’Donnell’s Schiff base chemistry posed a challenge due to nonreproducible tertiary 

alkylation of the chiral center of a variety of amino acid–derived imine Schiff bases, the photore-

dox HAA using benzonitrile–based PCs published by Cresswell et al. delivered a reliable proce-

dure to generate relatively large amounts of racemic product in just three synthetic steps. An effi-

cient purification method was also developed that easily separates the final product in large scale 

from its byproducts that so far were deemed inseparable due to these compounds’ amphipathic 

nature. Furthermore, molecular docking simulations utilizing MOE® software and the empiric 

crystal structure of S1P1 provided by Hanson and coworkers revealed essential insights into the 

functionality of each structural feature within S1P, fingolimod, tysiponate, and other sphingoid 

ligands, so that beneficial, irrelevant, and detrimental ligand moieties could be identified and im-

plemented in a starting library of entirely novel sphingolipid–based drug candidates. An array of 

these candidates was then synthesized using a manual yet rapid peptide coupling procedure, 

quickly providing the physical compounds for ECIS® screening, where two of the candidates dis-

played promising results by inducing significant cellular barrier enhancement in vitro.  

Despite the efficiency of the Cresswell photoredox approach, the product generated and 

purified is of racemic nature; the photocatalytically driven HAT does not maintain chiral infor-

mation due to its radical nature. Based on the initial results and implementations of this photocata-

lytic approach in the large–scale generation of tysiponate, a stereospecific pathway delivering the 
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primarily desired (S) enantiomer of FTY720-phosphonate would be of great future interest. Elab-

oration of O’Donnell’s Schiff base approach that has been reported to utilize chiral agents to steer 

the enantioselectivity of an alkylation seems attractive if applicable. Furthermore, the resolution 

of the generated racemic product via chiral HPLC could lead to separation of the two enantiomers 

produced in the photocatalytic approach, reducing its drawback to merely an efficiency issue in 

terms of the interest in obtaining solely the (S) enantiomer of tysiponate.  

The computational investigation of the interactions between sphingolipid ligands and the 

receptor(s) of interest is so far based exclusively on the crystal structure data of S1P1 published in 

2012. While the data is remarkably accurate and delivers reliable results, its main drawback is the 

state the crystal data was obtained by Hanson et al. – the receptor was co-crystallized with an 

antagonist that provided the rigidity of the system for proper crystallographic dentification, result-

ing in a crystal structure of S1P1 ‘frozen’ in its antagonized state. Since the compounds of interest 

in this work aim all to be agonists, it can be expected that a crystal structure of S1P1 captured in 

neutral or agonized state would deliver even more accurate results. Therefore, a series of homology 

models generated from the empiric structure of S1P1 and the known sequences of all five S1PRs 

would deliver invaluable datasets that could not only predict the roles of various functional groups 

and structural features in the receptor–ligand binding event but could also effectively address the 

issue of receptor promiscuity, leading to significantly more efficient drug design for not only S1P1 

but all lysophospholipid receptors.  

The outcome of this work as well as its prospective elaboration clearly show that sphin-

golipids and their utilization in drug design for a variety of disorders is a cradle of medical possi-

bilities whose surface has just merely been touched.   
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CHAPTER 6 

EXPERIMENTAL SECTION 
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GENERAL METHODS 

Chemicals purchased. All commercially available chemicals used in the described synthe-

ses were purchased from Fisher Scientific™, VWR™, and Sigma-Aldrich® in synthesis grade. Most 

solvents were purchased as technical grade and were dried over respective drying agents through 

repeated reflux and distillation in inert argon atmosphere.  

Computational methods. All in silico molecular mechanics docking simulations were con-

ducted using the software package Molecular Operating Environment® (MOE®) version 2018.01 

from Chemical Computing Group (CCG)ii. The compounds for the docking experiments were 

crafted via MOE Builder® and manually positioned within the active site of S1P1 extracted from 

PDB file 3V2Y. All docking simulations were calculated on a MacBook Pro (Retina, 13-inch, Mid 

2014) with a 2.6 GHz Intel Core i5 processor, 8 GB 1600 MHz DDR3 memory, and Intel Iris 1536 

MB graphic card. The operation system was macOS Mojave (version 10.14.6).  

Nuclear magnetic resonance instruments. 1H- and 13C-NMR spectra were recorded on a 

Bruker NEO-500 with dual-resonance, shaped pulse and 3-axis gradient capability and a Bruker 

AVIII-400 equipped with Broadband 5mm Direct Z-Gradient (BBOF) and Broadband 5mm In-

verse Z-Gradient (BBI) probes and SampleJet automation. The software used to process, visualize, 

and interpret the spectra was MestReNova (version 10.0.2-15465) by Mestrelab Research.  

Mass spectrometry. Mass spectrometric data was obtained from a Bruker AmaZon SL Ion 

Trap mass spectrometer equipped with a Waters capillary HPLC (capLC) system with ESI link as 

well as an option for direct injection. Parent ion measurements were executed in positive and neg-

ative modes, MS/MS fragmentation experiments only in positive mode.  

  

 
ii Chemical Computing Group Official Website, URL: https://www.chemcomp.com/Products.htm (accessed: 
07/16/2019). 
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EXPERIMENTAL PROCEDURES 

Synthesis of n-Heptyl triphenylphosphonium bromide 
 

 

17.93 g (100 mmol) of n-heptyl bromide and 28.82 g (110 mmol) of triphenylphosphine 

were dissolved in 100 mL of anhydrous acetonitrile (ACN). The reaction mixture was refluxed at 

90 °C for 24 h, then concentrated under vacuum. The residue was dissolved in 10 mL of dichloro-

methane (DCM) and under intense stirring, 1.5 L of diethyl ether were added dropwise to the 

concentrate over the course of 1 h. The forming precipitate was filtered and washed once with 

chilled diethyl ether. After drying in vacuum overnight, the pure product was obtained as a color-

less, voluminous solid of low density (methanol 9:95 DCM, RF 0.36; 95% yield).  

 

Synthesis of 1-Bromo-4-(oct-1-enyl)benzene 
 

 

3.9 g (8.8 mmol) of n-heptyl triphenylphosphonium bromide were dissolved in 80 mL of 

anhydrous tetrahydrofuran (THF*) and the solution was cooled to -78 °C. 4.2 mL (10.6 mmol) of 

2.5M n-butyllithium (n-BuLi) in hexanes were slowly added dropwise under intense stirring. After 

complete addition, the reaction mixture was allowed to warm up to room temperature (RT) over 

30 min. Then, reaction mixture was cooled back to –78 °C and 1.5 g (8.15 mmol) of 4-bromo-

benzaldehyde were added under intense stirring. The reaction mixture was stirred at –78 °C for 

30 min and allowed to warm up to RT overnight.  

P

Br

Br
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The reaction was quenched with 50 mL of 10% aqueous ammonium chloride solution and 

the organic phase was extracted three times with 50 mL each of DCM. The combined organic 

layers were washed three times with 50 mL of distilled water. The organic layer was collected, 

dried over sodium sulfate, and concentrated in vacuum. The resulting yellow residue was purified 

over silica gel column chromatography (hexanes 6:1 ethyl acetate) to give the product as a color-

less liquid (hexanes 3:1 ethyl acetate; RF 0.84; 98% yield). 1H NMR (400 MHz, Chloroform-d): 

δ 7.46 – 7.32 (m, 2H), 7.25 – 7.06 (m, 2H), 6.35 – 6.11 (m, 1H), 5.73 – 5.60 (m, 1H), 2.32 – 2.11 

(m, 2H), 1.48 – 1.37 (m, 2H), 1.28 (d, J = 11.9 Hz, 6H), 0.87 (t, J = 7.0 Hz, 3H). 

 

Synthesis of ((But-3-yn-1-yloxy)methyl)benzene 
 

 

693 mg (17.3 mmol) of sodium hydride (60% dispersion in oil) were suspended in 10 mL 

of anhydrous THF at 0 °C under intense stirring. 1.1 mL (14.5 mmol) of but-3-yn-1-ol were added 

dropwise over 15 min and the solution was stirred for another 30 min at 0 °C. Then, 550 mg 

(1.5 mmol) of tetrabutylammonium iodide and 1.9 mL (16 mmol) of benzyl bromide were added 

dropwise to the solution at 0 °C. The reaction mixture was then stirred at RT overnight. The col-

orless suspension was then diluted with 50 mL of water and the product was extracted four times 

with 20 mL of diethyl ether. The combined organic layers were dried over magnesium sulfate and 

removal of the solvent in vacuo yielded the crude product as a viscous yellow oil. Kugelrohr vac-

uum distillation gave the pure product as a colorless oil of low viscosity (78 °C, 2.0 mmHg; 99% 

yield). 1H NMR (400 MHz, Chloroform-d): δ 7.32 (d, J = 4.4 Hz, 5H), 4.53 (s, 2H), 3.57 (t, J = 

6.9 Hz, 2H), 2.47 (t, J = 6.9 Hz, 2H), 2.01 – 1.94 (m, 1H). 

O
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Synthesis of (4-(Benzyloxy)but-1-ynyl)-4-(oct-1-enyl)benzene 
 

 

A solution of 20 mL (142.3 mmol) of diisopropyl amine (DIPA) in 50 mL of anhydrous 

toluene was purged with argon for 10 min at RT. Then, 1.0 g (3.75 mmol) of 1-bromo-4-(oct-1-

enyl)benzene, 641 mg (4.0 mmol) of 4-(benzyloxy)-1-butyne, 36.0 mg (0.2 mmol) of anhydrous 

copper(I) iodide, and 216 mg (0.2 mmol) of tetrakis(triphenylphosphine)palladium(0) were added 

to the solution. The reaction mixture was stirred at 85–90 °C for 48 h. The reaction mixture was 

then allowed to cool to RT before being filtered to remove formed diisopropylammonium bromide. 

The solvent was removed in vacuo and the black residue was dissolved in 80 mL of ethyl acetate. 

The organic layer was washed three times with 50 mL of water with 10 vol.-% brine, dried over 

magnesium sulfate, and passed through a pad of Celite®. The crude product was concentrated un-

der reduced pressure and the residue was purified over silica gel column chromatography to give 

the pure product as a dark-red viscous oil (one column volume flushed with pure hexanes to re-

move unreacted 1-bromo-4-(oct-1-enyl)benzene, RF 0.95; then, separation over hexanes 3:1 ethyl 

acetate, RF 0.86; 98.3% yield). 1H NMR (400 MHz, Chloroform-d): δ 7.49 – 7.04 (m, 8H), 6.38 – 

6.15 (m, 1H), 5.74 – 5.56 (m, 1H), 4.59 (s, 2H), 3.68 (t, J = 7.1 Hz, 1H), 2.73 (t, J = 7.1 Hz, 1H), 

2.36 – 2.11 (m, 2H), 1.48 – 1.37 (m, 2H), 1.36 – 1.20 (m, 6H), 0.87 (t, J = 6.8 Hz, 3H). 

 

Synthesis of 4-(4’-Octylphenyl)butan-1-ol 
 

BnO
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100 mg of 10% Pearlman’s catalyst – alternatively 100 mg of 20% palladium on carbon – 

and 200 mg (0.6 mmol) of (4-(benzyloxy)but-1-ynyl)-4-(oct-1-enyl)benzene were dispersed in 

1.5 mL of a 1:1 mixture of methanol and ethyl acetate. Under intense stirring, this reaction mixture 

was exposed to 1,000–1,200 bar pressure of hydrogen gas for 12 h at RT. The reaction mixture 

was filtered through a pad of Celite® and rinsed thoroughly with additional ethyl acetate. Complete 

discoloration of the initially yellow reaction mixture indicated full conversion of the starting ma-

terial. If full conversion was achieved, removing the solvent in vacuo yielded the pure product as 

a faintly yellow oil (100% yield). If starting material was still present, the dark orange oil was 

purified via silica gel column chromatography (hexanes 3:1 ethyl acetate, RF 0.43; 60–95% yield). 

1H NMR (400 MHz, Chloroform-d): δ 7.07 (s, 4H), 3.62 (t, J = 6.4 Hz, 2H), 2.62 – 2.52 (m, 4H), 

1.63 (dt, J = 26.8, 7.5 Hz, 8H), 1.28 (d, J = 13.3 Hz, 11H), 0.87 (t, J = 6.9 Hz, 4H). 

 

Synthesis of 4-(4’-Octylphenyl)butan-1-al 
 

 

In advance, a 16 mM solution of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) in 

DCM was prepared and cooled to 0 °C. Also, an oxidizing solution consisting of 0.76 mL of sat-

urated sodium hydrogen carbonate solution, 1.49 mL of brine, and 1.19 mL of a 5.25% sodium 

hypochlorite solution was prepared in advance and cooled to 0 °C.  

139 mg (0.53 mmol) of 4-(4’-octylphenyl)butan-1-ol were dissolved in 1.4 mL of DCM at 

0 °C. Then, 320 µL (5.3 · 10–2 mmol) of chilled TEMPO solution were added. Under intense 

stirring, 0.87 mL of saturated sodium hydrogen carbonate solution, 5.3 mg (0.04 mmol) of 

HO

O
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potassium bromide, and 7.3 mg (0.02 mmol) of tert-butylammonium chloride monohydrate were 

added to the reaction mixture at 0 °C. Then, over the course of no more than 15 min, 3.44 mL of 

the cooled sodium hypochlorite oxidizing solution was added dropwise to the reaction mixture at 

0 °C. After complete addition, the reaction mixture was diluted with excess DCM. The organic 

layer was separated and washed once with sodium hydrogen carbonate–infused water to remove 

remaining salts. The organic layer was collected, dried over magnesium sulfate, and the solvent 

was removed under reduced pressure without heating and in the dark to obtain the pure aldehyde 

as a faintly orange oil (99% yield). 1H NMR (400 MHz, Chloroform-d): δ 9.74 (s, 1H), 7.08 (s, 

4H), 2.67 – 2.50 (m, 4H), 2.49 – 2.37 (m, 1H), 1.74 – 1.53 (m, 4H), 1.28 (d, J = 13.1 Hz, 10H), 

0.92 – 0.82 (m, 3H). 

 

Synthesis of 2-Methylene-4-(4’-octylphenyl)butan-1-al 
 

 

1.3 g (5.0 mmol) of 4-(4’octylphenyl)butan-1-al were dissolved in a mixture of 2.17 mL 

(15.6 mmol) of freshly distilled triethylamine (TEA) and 85 mL of DCM at RT. 1.93 g (10.4 mmol) 

of N,N-dimethylmethylideneammonium iodide (Eschenmoser’s salt) were added to the solution. 

The reaction mixture was stirred vigorously for 48 h at RT. Then, 50 mL of saturated sodium 

hydrogen carbonate solution were added to the reaction mixture and the organic layer was sepa-

rated. The aqueous layer was extracted thrice with 30 mL of DCM and the organic layers were 

combined, dried over magnesium sulfate, and the solvent was removed under reduced pressure to 

obtain the crude product as a deep red, transparent oil. Purification by silica gel column chroma-

tography yielded the pure product as a dark amber oil (hexanes 6:1 ethyl acetate, RF 0.76; 74% 

O
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yield). 1H NMR (400 MHz, Chloroform-d): δ 9.50 (s, 1H), 7.06 (s, 4H), 6.15 (s, 1H), 5.93 (s, 1H), 

2.76 – 2.65 (m, 2H), 2.55 (dd, J = 9.7, 5.7 Hz, 4H), 1.61 – 1.52 (m, 2H), 1.28 (d, J = 12.4 Hz, 

11H), 0.87 (t, J = 6.8 Hz, 3H). 

 

Synthesis of 2-Methylene-4-(4’-octylphenyl)butan-1-ol 
 

 

855 mg (3.47 mmol) of cerium(III) chloride and 112 mg (3.47 mmol) of sodium borohy-

dride were dissolved in 30 mL of methanol at 0 °C. 630 mg (2.31 mmol) of 2-methylene-4-(4’-

octylphenyl)butan-1-al were dissolved in 10 mL of methanol and then added dropwise to the 

chilled reaction mixture under intense stirring. After complete addition the reaction mixture was 

stirred for 3 h at 0 °C. Then, the reaction mixture was diluted with excess ethyl acetate and filtered 

through a pad of silica gel. The pad was rinsed with another 100 mL of ethyl acetate and the filtrate 

was concentrated under reduced pressure. Pure product was obtained either by silica gel column 

chromatography (hexanes 3:1 ethyl acetate, RF 0.46, 92.4% yield) or by dissolving the crude prod-

uct in 20 mL of ethyl acetate and cooling it overnight, resulting in precipitation of inorganic im-

purities (81.7% yield). 1H NMR (400 MHz, Chloroform-d): δ 7.08 (s, 4H), 5.05 (s, 1H), 4.91 (s, 

1H), 4.06 (s, 1H), 2.78 – 2.69 (m, 2H), 2.61 – 2.50 (m, 2H), 2.39 – 2.30 (m, 1H), 1.62 – 1.52 (m, 

2H), 1.27 (d, J = 15.9 Hz, 10H), 0.91 – 0.83 (m, 3H). 

 

 

 

HO
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Synthesis of (2S)-2-(Oxiranyl)-4-(4’-octylphenyl)butan-1-ol 
 

 

80.2 µL (0.38 mmol) of L-(+)-diisopropyl tartrate (L-(+)-DIPT) were dissolved in 36 mL 

of anhydrous DCM and stirred with 1g of activated 4Å molecular sieves at RT for 30 min. Then, 

the solution was cooled to –40 °C and 110 µL (0.37 mmol) of titanium(IV) isopropoxide (TTIP) 

were added. The mixture was stirred for 30 mins at –40 °C, then 140 µL (0.75 mmol) of an 80% 

cumene hydroperoxide (CHP) solution in toluene were added slowly at –40 °C. This mixture was 

then stirred for another 30 min at –40 °C. Then, a solution of 200 mg (0.73 mmol) of 2-methylene-

4-(4’-octylphenyl)butan-1-ol in 2 mL of anhydrous DCM was added dropwise to the stirring rea-

gent solution at –40 °C. Upon complete addition, the reaction mixture was stirred overnight at –

20 °C. Then, 18.2 mL of a 10% aqueous L-(+)-tartaric acid solution were added dropwise to the 

reaction mixture. Upon complete addition, the gently stirred reaction mixture was allowed to warm 

up to RT over 1 h. The organic layer was separated, washed once with brine, and dried over mag-

nesium sulfate. After removal of the solvent in vacuo, the oily residue was dissolved in 18.3 mL 

of diethyl ether and cooled to 0 °C. 11 mL of a 5% aqueous sodium hydroxide solution were added 

to the organic solution and the workup mixture was stirred for 30 min at 0 °C. The organic layer 

was separated, washed once with sodium hydrogen carbonate–infused water, dried over magne-

sium sulfate and concentrated under reduced pressure to give the crude product as a yellow oil. 

Silica gel column chromatography with a 1 vol.-% TEA-basified stationary phase yielded the pure 

epoxide as a faintly yellow oil (hexanes 2:1 ethyl acetate + 1 vol.-% TEA, RF 0.33; 70.4% yield). 

1H NMR (400 MHz, Chloroform-d): δ 7.07 (s, 4H), 3.79 (d, J = 12.3 Hz, 1H), 3.63 (d, J = 12.3 

Hz, 1H), 2.86 (d, J = 4.6 Hz, 1H), 2.65 (d, J = 8.0 Hz, 3H), 2.60 – 2.51 (m, 2H), 2.17 – 1.97 (m, 

HO O
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2H), 1.89 – 1.75 (m, 1H), 1.58 (t, J = 7.5 Hz, 2H), 1.28 (d, J = 12.4 Hz, 10H), 0.87 (t, J = 6.6 Hz, 

3H). 

 

Synthesis of (2S)-2-(2’-Trichloromethyl)-(oxiranyl)-4-(4’-octylphenyl)butan-1-ol 
 

 

262 mg (0.9 mmol) of (2S)-2-(oxiranyl)-4-(4’-octylphenyl)butan-1-ol and 99 µL 

(0.99 mmol) of trichloroacetonitrile were dissolved in 15 mL of anhydrous DCM at 0 °C. Then, 

13.5 µL (9.02 · 10–5 mmol) of 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) were added and the re-

action mixture was stirred at 0 °C for 1.5 h. The reaction was diluted with 10 mL of diethyl ether, 

then, 10 mL of sodium hydrogen carbonate–infused water were added. The organic layer was sep-

arated, washed once with 10 mL of brine, dried over magnesium sulfate, and the solvent removed 

under vacuum. The yellow oily residue was purified via silica gel column chromatography with a 

1 vol.-% TEA-basified stationary phase, yielded the pure product as a colorless oil (hexanes 15:1 

ethyl acetate + 1 vol.-% TEA, RF 0.28; 85.6% yield). 1H NMR (400 MHz, Chloroform-d): δ 7.08 

(s, 4H), 4.46 (d, J = 11.9 Hz, 1H), 4.28 (d, J = 11.9 Hz, 1H), 2.82 (d, J = 4.6 Hz, 1H), 2.79 – 2.68 

(m, 3H), 2.60 – 2.52 (m, 2H), 2.25 – 2.11 (m, 1H), 2.00 – 1.88 (m, 1H), 1.63 – 1.54 (m, 2H), 1.27 

(d, J = 15.4 Hz, 11H), 0.90 – 0.85 (m, 3H). 
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Synthesis of (2S)-2-(2’-(Trichloromethyl)-4’,5’-dihydrooxazol-5-yl)-4-(4’-octylphenyl)-
butan-1-ol 

 

 

300 mg (0.68 mmol) of (2S)-2-(2’-trichloromethyl)-(oxiranyl)-4-(4’-octylphenyl)butan-1-

ol were dissolved in 10.5 mL of anhydrous DCM at 0 °C. Under intense stirring, 220 µL 

(0.4 mmol) of 1.8M diethylaluminum chloride solution in toluene were added and the reaction was 

stirred for 20 min at 0 °C. Then, the reaction was stirred for 3 h at RT. Then, the reaction mixture 

was quenched with 10 mL of saturated sodium hydrogen carbonate solution and the organic layer 

was separated, washed once with 10 mL of brine, dried over magnesium sulfate, and concentrated 

in vacuo. The residue was purified by silica gel column chromatography to give the pure product 

as a colorless oil that formed amorphous, colorless crystals when left below 8 °C overnight (hex-

anes 3:1 ethyl acetate, RF 0.29; 88.9% yield). 1H NMR (400 MHz, Chloroform-d): δ 7.09 (s, 4H), 

4.64 (d, J = 8.5 Hz, 1H), 4.45 (d, J = 8.5 Hz, 1H), 3.85 (d, J = 11.6 Hz, 1H), 3.54 (d, J = 11.5 Hz, 

1H), 2.69 – 2.51 (m, 4H), 2.07 – 1.99 (m, 1H), 1.86 (dd, J = 10.8, 6.1 Hz, 1H), 1.63 – 1.52 (m, 

2H), 1.27 (d, J = 13.5 Hz, 10H), 0.89 – 0.85 (m, 3H). 

 

Synthesis of (R)-4-(4’-Octylphenyl)-2-(trichloromethyl)-4’,5’-dihydrooxazole-4-carb-al-
dehyde 

 

 

O
N
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In advance, a 16 mM solution of TEMPO in DCM was prepared and cooled to 0 °C. Also, 

an oxidizing solution consisting of 0.76 mL of saturated sodium hydrogen carbonate solution, 

1.49 mL of brine, and 1.19 mL of a 5.25% sodium hypochlorite solution was prepared in advance 

and cooled to 0 °C.  

100 mg (0.23 mmol) of (2S)-2-(2’-(trichloromethyl)-4’,5’-dihydrooxazol-5-yl)-4-(4’-oc-

tylphenyl)-butan-1-ol were dissolved in 2 mL of DCM at 0 °C. Then, 280 µL (4.6 · 10–2 mmol) of 

cooled TEMPO solution were added. Under intense stirring, 380 µL of saturated sodium hydrogen 

carbonate solution, 2.3 mg (0.02 mmol) of potassium bromide, and 3.2 mg (0.01 mmol) of tert-

butylammonium chloride monohydrate were added to the reaction mixture at 0 °C. Then, over the 

course of no more than 15 min, 1.5 mL of the cooled sodium hypochlorite oxidizing solution was 

added dropwise to the reaction mixture at 0 °C. After complete addition, the reaction mixture was 

diluted with excess DCM. The organic layer was separated and washed once with sodium hydro-

gen carbonate–infused water to remove remaining salts. The organic layer was collected, dried 

over magnesium sulfate, and the solvent was removed under reduced pressure without heating and 

in the dark to obtain the pure product as a colorless oil that was immediately used in the subsequent 

reaction step (90.5% yield).  

 

Synthesis of Dimethyl-(S,E)-(2-(4-(4-octylphenyl)-2-(trichloromethyl)-4,5-dihydrooxa-
zol-4-yl)vinyl)phosphonate 

 

 

O
N
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In 11.5 mL of anhydrous THF, 13.9 mg (0.35 mmol) of sodium hydride (60% dispersion 

in mineral oil) were dispersed under intense stirring at 0 °C. A solution of 80.6 mg (0.35 mmol) of 

tetramethyl methylenediphosphonate in 2.3 mL of anhydrous THF was then added dropwise and 

the reactant mixture was stirred for 10 min at 0 °C. Then, a solution of 100 mg (0.23 mmol) of (R)-

4-(4’-octylphenyl)-2-(trichloromethyl)-4’,5’-dihydrooxazole-4-carbaldehyde in 2.3 mL of anhy-

drous THF was added dropwise under intense stirring to the reactant mixture at 0 °C. The reaction 

mixture was then stirred for 2 h at 0 °C before being diluted with 5 mL of diethyl ether. The 

reaction was quenched with 21 mL of 1M methanolic sodium hydroxide solution to remove excess 

diphosphonate. The organic layer was washed once with a water 1:1 brine mixture, dried over 

magnesium sulfate, and concentrated in vacuum. The residue was purified over silica gel column 

chromatography to yield a colorless solid (hexanes 1:2 ethyl acetate, RF 0.37; 69.5% yield). 1H 

NMR (400 MHz, Chloroform-d): δ 7.08 (s, 4H), 6.88 (dd, J = 22.3, 17.1 Hz, 1H), 5.92 (dd, J = 

19.1, 17.1 Hz, 1H), 4.53 – 4.40 (m, 2H), 3.77 – 3.68 (m, 6H), 2.62 (dd, J = 9.3, 4.1 Hz, 2H), 2.59 

– 2.51 (m, 2H), 1.59 (s, 2H), 1.27 (d, J = 14.5 Hz, 10H), 0.87 (t, J = 6.9 Hz, 3H). 

 

Synthesis of Dimethyl-(S,E)-(3-amino-3-(hydroxymethyl)-5-(4-octylphenyl)pent-1-en-1-
yl)phosphonate hydrochloride 

 

 

100 mg (0.19 mmol) of dimethyl-(S,E)-(2-(4-(4-octylphenyl)-2-(trichloromethyl)-4,5-di-

hydrooxazol-4-yl)vinyl)phosphonate were dissolved in 3.8 mL of THF and 1.12 mL (1.12 mmol) 

of 1M aqueous hydrochloric acid (HCl) solution were added at RT. The reaction mixture was 

stirred overnight at RT. The solvent was removed in vacuum and the residue was dissolved in 5 

NH2 HCl
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mL of chloroform, washed three times with saturated sodium hydrogen carbonate solution, dried 

over magnesium sulfate, and concentrated in vacuo. Silica gel column chromatography yielded the 

pure product as a pale-yellow oil (chloroform/methanol/TEA: 135/25/2, RF 0.45; 55.1% yield). 1H 

NMR (400 MHz, Chloroform-d): δ 7.07 (d, J = 5.8 Hz, 5H), 6.93 – 6.76 (m, 1H), 5.92 (dd, J = 

20.4, 17.4 Hz, 1H), 3.74 (s, 2H), 3.71 (s, 2H), 3.54 – 3.45 (m, 3H), 2.54 (q, J = 7.2 Hz, 20H), 1.83 

– 1.76 (m, 2H), 1.61 – 1.54 (m, 3H), 1.34 – 1.20 (m, 18H), 1.03 (d, J = 14.4 Hz, 24H), 0.90 – 0.85 

(m, 4H). 

 

Synthesis of (S,E)-(3-Amino-3-(hydroxymethyl)-5-(4-octylphenyl)pent-1-en-1-yl)phos-
phonic acid hydrobromide (FTY720-(S)-vinylphosphonate hydrobromide) 

 

 

100 mg (0.24 mmol) of dimethyl-(S,E)-(3-amino-3-(hydroxymethyl)-5-(4-octylphenyl)-

pent-1-en-1-yl)phosphonate hydrochloride were dissolved in 4.8 mL of anhydrous DCM. 432 µL 

(2.43 mmol) of trimethylsilyl bromide were added to the solution and the reaction mixture was 

allowed to stir for 72 h at RT. The solvent was then removed in vacuo to complete dryness and the 

brown residue was dissolved in 4 mL of methanol and stirred for 1 h at RT. The solvent was 

removed in vacuum. The brown residue was first dissolved, later suspended repeatedly in DCM 

and the solvent was removed in vacuo multiple times to co-evaporate any residual methanol whose 

trace amounts would effectively prevent the precipitation of the desired product in pure DCM. The 

eventual suspension in DCM was then poured into a centrifuge tube and was centrifuged for 3 min 

at 3,000 RPM. The colored DCM layer was carefully removed with a pipet and the remaining 

colorless solid floating on top of the DCM layer was kept in the centrifuge tube for repeated 

NH2 HBr
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purifications with equivalent amounts of fresh DCM. This purification process was performed 

overall five times until the DCM layer no longer displayed significant coloring. Remaining DCM 

was removed manually with a pipet, giving FTY720-(S)-vinylphosphonate hydrobromide as a col-

orless, smeary solid that was handled best as a methanolic solution (74.3% yield). 1H NMR (400 

MHz, Methanol-d4): δ 7.05 (s, 4H), 6.56 (dd, J = 23.1, 17.8 Hz, 1H), 6.09 (dd, J = 17.7, 15.1 Hz, 

1H), 3.68 (d, J = 3.9 Hz, 2H), 2.59 – 2.45 (m, 4H), 2.00 (dd, J = 11.6, 5.9 Hz, 2H), 1.52 (s, 2H), 

1.24 (d, J = 9.5 Hz, 11H), 0.84 (t, J = 6.2 Hz, 3H). 

 

Conventional Bittman Synthesis of (S)-(3-Amino-3-(hydroxymethyl)-5-(4-octylphenyl)-
pentyl)phosphonic acid hydrobromide (FTY720-(S)-phosphonate hydrobromide; Tysiponate hy-
drobromide; TySIP · HBr) 

 

 

100 mg of FTY720-(S)-vinylphosphonate hydrobromide were dissolved in 4 mL of a 1:1 

mixture of methanol and ethyl acetate. 80 mg of 10% Pearlman’s catalyst were added and the 

reaction mixture was stirred intensely under 1 atm hydrogen pressure for 24 h at RT. The reaction 

solution was then filtered through a thin pad of Celite®, which was then rinsed with additional 

methanol only. The solvent was removed in vacuum to complete dryness. The residue was dis-

persed in a mixture of ACN 2:1 water; the product suspends as a fine colorless dispersion and 

precipitates. The ACN/water supernatant was carefully removed with a pipet (and kept, as it con-

tains significant amounts of product) and the remainder containing the purified solid was frozen 

with dry ice and then lyophilized overnight to yield the pure product as a flaky, colorless to grey 

powder with highly electrostatic character (51.1% yield). 1H NMR (400 MHz, Methanol-d4): 

NH2 HBr
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δ 7.11 (q, J = 8.2 Hz, 4H), 3.61 (s, 2H), 2.70 – 2.51 (m, 4H), 2.06 – 1.80 (m, 4H), 1.74 – 1.61 (m, 

2H), 1.61 – 1.52 (m, 2H), 1.29 (d, J = 9.6 Hz, 10H), 0.93 – 0.85 (m, 3H). 

 

Synthesis of Dimethyl-(E)-(3-methylene-5-(4-octylphenyl)pent-1-en-1-yl)phosphonate 
 

  

In 12 mL of anhydrous THF, 22 mg (0.55 mmol) of sodium hydride (60% dispersion in 

mineral oil) were dispersed under intense stirring at 0 °C. A solution of 127.8 mg (0.55 mmol) of 

tetramethyl methylenediphosphonate in 3 mL of anhydrous THF was then added dropwise and the 

reactant mixture was stirred for 10 min at 0 °C. Then, a solution of 100 mg (0.37 mmol) of 2-

methylene-4-(4’-octylphenyl)butan-1-al in 3 mL of anhydrous THF was added dropwise under 

intense stirring to the reactant mixture at 0 °C. The reaction mixture was then stirred for 2 h at 0 °C 

before being diluted with 8 mL of diethyl ether. The reaction was quenched with 23 mL of 1M 

methanolic sodium hydroxide solution to remove excess diphosphonate. The organic layer was 

washed once with a water 1:1 brine mixture, dried over magnesium sulfate, and concentrated in 

vacuum. The residue was purified via silica gel column chromatography to yield a yellow oil (hex-

anes 2:3 ethyl acetate, RF 0.35; 62.7% yield). 1H NMR (400 MHz, Chloroform-d): δ 7.08 (d, J = 

4.1 Hz, 4H), 5.80 – 5.64 (m, 1H), 5.35 (d, J = 19.5 Hz, 3H), 3.73 (d, J = 11.1 Hz, 6H), 2.81 – 2.71 

(m, 4H), 2.55 (dd, J = 16.4, 8.6 Hz, 2H), 1.64 – 1.53 (m, 2H), 1.28 (d, J = 17.5 Hz, 10H), 0.90 – 

0.86 (m, 3H). 
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Synthesis of (E)-(3-methylene-5-(4-octylphenyl)pent-1-en-1-yl)phosphonic acid 
 

 

50 mg (0.13 mmol) of dimethyl-(E)-(3-methylene-5-(4-octylphenyl)pent-1-en-1-yl)-phos-

phonate were dissolved in 2.5 mL of anhydrous DCM. 172 µL (1.3 mmol) of trimethylsilyl bro-

mide were added to the solution and the reaction mixture was allowed to stir for 72 h at RT. The 

solvent was then removed in vacuo to complete dryness and the brown residue was at the time of 

the experiment subjected to silica gel column chromatography (hexanes 2:3 ethyl acetate), which 

failed to purify the final product. No accurate yield could be provided.  

 

Synthesis of Amino Acid Schiff Base Esters for Tertiary Alkylation TySIP Approach 
 

General procedure: 1.0 eq. of the unprotected amino acid were dissolved/suspended in the 

respective anhydrous alcohol (MeOH* or EtOH*) at 0 °C. Then, 4.0 eq. of acetyl chloride were 

added at 0 °C under intense stirring. The reaction mixture was then heated to the alcohol’s boiling 

temperature and refluxed overnight (14–18 h). The solvent was removed under reduced pressure 

to complete dryness and the residue was dispersed in cooled diethyl ether. The forming precipitate 

was collected, washed once with more cooled diethyl ether, then dried under vacuum to obtain the 

pure amino acid ester in its hydrochloride salt form.  

For the formation of O’Donnell’s benzophenone Schiff bases, a flame–dried reaction flask 

was charged with 1.05 eq. of the amino acid ester hydrochloride, 1.0 eq. of diphenyl ketimine, and 

anhydrous DCM* at RT. After the reaction mixture was allowed to stir vigorously for 18 h at RT, 

the formed precipitate was filtered and the remaining solution was concentrated in vacuo. The 
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residue was dissolved in diethyl ether and washed once with NaHCO3–charged water and once 

with brine, dried over magnesium sulfate, and the solvent was removed under reduced pressure to 

give the pure benzophenone Schiff base of the amino acid as a highly viscous oil that tended to 

solidify/crystallize at temperatures below 8 °C (fridge or freezer).  

The corresponding aldimine Schiff bases were synthesized by reacting 1.05 eq. of the 

amino acid ester hydrochloride with 1.0 eq. of benzophenone or para-chlorobenzophenone in the 

presence of 1.8 eq. of freshly distilled triethylamine* and 1.0 eq. of magnesium sulfate in anhy-

drous DCM* at RT for 18 h. The precipitate was filtered and the remaining solution was concen-

trated in vacuo. The residue was dissolved in diethyl ether and washed once with NaHCO3–

charged brine. The organic layers were collected and dried over magnesium sulfate, then concen-

trated to give the product aldimine Schiff base ester of the amino acid as a viscous oil. 

 

• Ethyl 2-((4-chlorobenzylidene)amino)acetate 
 

 

Amino acid: 424 mg (3.04 mmol) of Gly ethyl ester hydrochloride. Product: 89.8% yield. 

1H NMR (400 MHz, Chloroform-d): δ 8.25 (s, 1H), 7.71 (d, J = 8.5 Hz, 2H), 7.39 (d, J = 8.5 Hz, 

2H), 4.39 (s, 2H), 4.24 (q, J = 7.1 Hz, 2H), 1.31 (t, J = 7.1 Hz, 3H). 
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• Ethyl 2-((diphenylmethylene)amino)acetate 
 

 

Amino acid: 424 mg (3.04 mmol) of Gly ethyl ester hydrochloride. Product: 62.8% yield. 

1H NMR (400 MHz, Chloroform-d): δ 7.70 – 7.13 (m, 10H), 4.22 (d, J = 7.1 Hz, 1H), 4.20 (s, 2H), 

4.18 (d, J = 7.1 Hz, 1H), 1.27 (t, J = 7.1 Hz, 3H).	

• Methyl 2-((diphenylmethylene)amino)-3-phenylpropanoate 
 

 

Amino acid: 424 mg (1.97 mmol) of L-Phe methyl ester hydrochloride. Product: 93.9% 

yield. 1H NMR (400 MHz, Chloroform-d): δ 7.56 (d, J = 7.0 Hz, 2H), 7.40 – 7.20 (m, 6H), 7.16 

(d, J = 7.2 Hz, 3H), 7.01 (d, J = 7.6 Hz, 2H), 4.25 (dd, J = 9.4, 4.2 Hz, 1H), 3.72 (s, 3H), 3.27 (dd, 

J = 13.3, 4.2 Hz, 1H), 3.17 (dd, J = 13.3, 9.4 Hz, 1H). 

 

• Methyl (S)-2-(benzylideneamino)-3-phenylpropanoate 
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Amino acid: 424 mg (1.97 mmol) of L-Phe methyl ester hydrochloride. Product: 85.5% 

yield. 1H NMR (400 MHz, Chloroform-d) δ 7.92 (s, 1H), 7.68 (d, J = 6.3 Hz, 2H), 7.38 (d, J = 7.5 

Hz, 2H), 7.25 – 7.14 (m, 5H), 5.01 (q, J = 5.5 Hz, 1H), 4.22 – 4.16 (m, 2H), 3.37 (d, J = 13.5 Hz, 

1H), 3.15 (d, J = 13.5 Hz, 1H), 1.24 – 1.23 (m, 3H). 

 

• Methyl (R)-2-((diphenylmethylene)amino)-4-phenylbutanoate 
 

 

Amino acid: 100 mg (0.44 mmol) of D-Hph methyl ester hydrochloride. Product: 76.4% 

yield. 1H NMR (500 MHz, Chloroform-d): δ 7.70 – 7.64 (m, 2H), 7.41 (d, J = 6.5 Hz, 4H), 7.34 

(t, J = 7.4 Hz, 2H), 7.23 (d, J = 7.5 Hz, 2H), 7.14 (t, J = 7.9 Hz, 5H), 4.23 – 4.12 (m, 2H), 4.12 – 

4.08 (m, 1H), 2.70 – 2.61 (m, 1H), 2.59 – 2.50 (m, 1H), 2.31 – 2.18 (m, 2H), 1.26 (t, J = 7.1 Hz, 

3H). 

 

• Methyl (R)-2-((4-chlorobenzylidene)amino)-4-phenylbutanoate 
 

 

N OMe

O

N OMe

OCl



 169 

Amino acid: 200 mg (0.88 mmol) of D-Hph methyl ester hydrochloride. Product: 91.2% 

yield. 1H NMR (400 MHz, Chloroform-d): δ 8.18 (s, 1H), 7.72 (d, J = 8.5 Hz, 2H), 7.40 (d, J = 

8.4 Hz, 2H), 7.28 (d, J = 7.1 Hz, 2H), 7.22 – 7.13 (m, 3H), 4.07 – 3.93 (m, 1H), 3.73 (s, 3H), 2.77 

– 2.53 (m, 2H), 2.42 – 2.18 (m, 2H). 

 

Synthesis of Ethyl 2-amino-2-benzyl-4-(dimethoxyphosphoryl)butanoate hydrochloride 
 

 

37 µL (0.27 mmol) of freshly distilled diisopropyl amine* were dissolved in 2 mL of an-

hydrous THF* at –20 °C and 170 µL (0.27 mmol) of 1.6M n-BuLi in hexanes were added. The 

mixture was stirred for 1–2 min at –20 °C, then a solution of 50 mg (0.18 mmol) of L-Phe benzo-

phenone Schiff base ethyl ester in 1 mL of anhydrous THF* was added dropwise at –20 °C. The 

mixture was stirred for 15 min at –20 °C, then a solution of 24 mg (0.18 mmol) of DMVP in 1 mL 

of anhydrous THF* was added dropwise to the stirring solution. Then, the reaction mixture was 

allowed to warm up to 0 °C over the time of 1 hour. The reaction was then quenched with dropwise 

addition of 1M ammonium chloride solution and subsequently diluted with ethyl acetate. The lay-

ers were partitioned and the organic layer was washed once with NaHCO3–charged water, then 

brine. The combined organic layers were dried over magnesium sulfate and the solvent was re-

moved in vacuo. Silica gel column chromatography was unsuccessful as the (presumably charged) 

amine of the unintentionally cleaved Schiff base imine prevented the compound from eluding off 

the stationary phase (RF 0.0 on various ethyl acetate/hexanes/chloroform solvent compositions). 
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Therefore, no accurate yield could be obtained. However, a crude 1H-NMR spectrum was recorded 

after bleeding the compound with 100% methanol off the column. 1H NMR (400 MHz, Chloro-

form-d): δ 7.25 (s, 5H), 4.21 (q, J = 7.1 Hz, 2H), 3.34 (d, J = 10.8 Hz, 3H), 3.16 (s, 3H), 3.07 (d, 

J = 13.0 Hz, 1H), 2.95 (d, J = 13.0 Hz, 1H), 2.70 – 2.54 (m, 2H), 2.36 – 2.19 (m, 2H), 1.28 (t, J = 

7.1 Hz, 3H). 

 

Synthesis of Ethyl 4-(dimethoxyphosphoryl)-2-((diphenylmethylene)amino)butanoate 
 

 

63 µL (0.45 mmol) of freshly distilled diisopropyl amine* were dissolved in 3 mL of an-

hydrous THF* at –65 °C and 281 µL (0.45 mmol) of 1.6M n-BuLi in hexanes were added. The 

mixture was stirred for 1 min at –65 °C, then a solution of 80 mg (0.3 mmol) of the benzophenone 

Schiff base ethyl ester of Gly in 1 mL of anhydrous THF* was added dropwise at –65 °C. The 

mixture was stirred for 10 min at –65 °C, then a solution of 53 µL (0.45 mmol) of DMVP in 1 mL 

of anhydrous THF* was added dropwise to the solution. The reaction mixture was allowed to 

gradually warm up to 0 °C over the course of 4 hours and samples were aliquoted every hour for 

NMR analysis. This proved that 4 hours of reaction time with constant temperature rise to 0 °c 

gives the optimal yield for product formation. The reaction was then quenched with dropwise ad-

dition of saturated NaHCO3 (aq) solution and diluted with ethyl acetate. The layers were separated, 

the organic layer was dried over magnesium sulfate, and the solvent was removed in vacuo. The 

crude 1H-NMR spectrum showed complete conversion of the starting material. 1H NMR (500 
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MHz, Chloroform-d): δ 7.64 (d, J = 7.2 Hz, 2H), 7.52 – 7.39 (m, 5H), 7.33 (t, J = 7.5 Hz, 2H), 

7.18 (d, J = 7.7 Hz, 2H), 4.23 – 4.13 (m, 2H), 4.10 – 4.05 (m, 1H), 3.72 (d, J = 15.6 Hz, 7H), 2.24 

– 2.12 (m, 2H), 1.90 – 1.74 (m, 2H), 1.25 (t, J = 7.1 Hz, 3H).	

 

Peptide Coupling for the Generation of para-substituted Amide–based Meta Drug Candi-
date Intermediates from 4-n-Octylaniline 
 

General procedure: 143.8 mg (0.75 mmol) of 1-ethyl-3-(3-dimethylaminopropyl)-car-

bodiimide (EDC), 127.2 mg (0.75 mmol) of 6-chloro-1-hydroxy-benzotriazole dihydrate (6-Cl-

HOBt), 30.5 mg (0.25 mmol) of 4-dimethylaminopyridine (DMAP), and eventually 0.75 mmol of 

respective (amino) acid were dissolved in 4 mL of anhydrous DCM* and stirred for 10 min at RT. 

The reagent mixture was added dropwise under intense stirring to a solution of 102.7 mg 

(0.5 mmol) of 4-n-octylaniline in 3 mL of anhydrous DCM*. The reaction mixture was allowed to 

stir for 24–48 h at RT before being diluted and washed twice with brine and once with sodium 

hydrogen carbonate–infused water. The organic layer was collected, dried over magnesium sulfate, 

and the solvent was removed in vacuo. Silica gel column chromatography yielded the pure prod-

ucts as colorless to pale yellow solids.  

 

• tert-Butyl-(S)-(3-(benzyloxy)-1-((4-octylphenyl)amino-1-oxopropan-2-yl)carbamate 
 

 

Amino acid: 221.4 mg (0.75 mmol) of N-(tert-butoxycarbonyl)-O-benzyl-L-serine (N-Boc-

O-Benz-L-Ser); Product: RF 0.81 (chloroform 10:1 acetone); 88.2% yield. 1H NMR (400 MHz, 

Chloroform-d): δ 8.41 (s, 1H), 7.39 – 7.25 (m, 7H), 7.09 (d, J = 8.4 Hz, 2H), 5.56 (s, 1H), 4.64 – 
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4.47 (m, 2H), 4.42 (s, 1H), 3.95 (dd, J = 9.2, 4.1 Hz, 1H), 3.70 – 3.61 (m, 1H), 2.60 – 2.48 (m, 

2H), 1.61 – 1.52 (m, 2H), 1.45 (s, 9H), 1.28 (d, J = 14.5 Hz, 10H), 0.92 – 0.84 (m, 3H). 

 

• tert-Butyl-(2S,3R)-3-(benzyloxy)-1-((4-octylphenyl)amino-1-oxobutan-2-yl)-carba-
mate 

 

 

Amino acid: 232 mg (0.75 mmol) of N-(tert-butoxycarbonyl)-O-benzyl-L-threonine (N-

Boc-O-Benz-L-Thr); Product: RF 0.83 (chloroform 10:1 acetone); 70.3% yield. 1H NMR 

(400 MHz, Chloroform-d): δ 8.47 (s, 1H), 7.18 (dt, J = 15.2, 8.1 Hz, 6H), 6.93 (d, J = 8.2 Hz, 2H), 

5.67 (s, 1H), 4.49 (t, J = 10.1 Hz, 2H), 4.36 (s, 1H), 4.13 – 4.01 (m, 1H), 2.49 – 2.33 (m, 2H), 1.45 

(s, 2H), 1.34 (s, 9H), 1.13 (dd, J = 29.4, 9.0 Hz, 13H), 0.76 (t, J = 6.8 Hz, 3H). 

 

• tert-Butyl-(S)-(1-((4-octylphenyl)amino)-1-oxo-3-phenylpropan-2-yl)carbamate 
 

 

Amino acid: 221.4 mg (0.75 mmol) of N-(tert-butoxycarbonyl)-L-phenylalanine (N-Boc- 

L-Phe); Product: RF 0.83 (chloroform 10:1 acetone); 98.9% yield. 1H NMR (400 MHz, Chloro-

form-d): δ 7.90 (s, 1H), 7.25 (t, J = 3.6 Hz, 8H), 7.12 – 7.01 (m, 2H), 5.29 (s, 1H), 4.50 (s, 1H), 

3.13 (d, J = 6.1 Hz, 2H), 2.59 – 2.47 (m, 2H), 1.56 (t, J = 7.2 Hz, 2H), 1.40 (s, 9H), 1.35 – 1.19 

(m, 10H), 0.87 (t, J = 6.9 Hz, 3H). 
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• tert-Butyl-(S)-(3-(1H-imidazol-4-yl)-1-((4-octylphenyl)amino-1-oxo-propan-2-yl)-
carbamate 

 

 

Amino acid: 191.5 mg (0.75 mmol) of N-(tert-butoxycarbonyl)-L-histidine (N-Boc-L-His); 

Product: RF 0.07 (chloroform 10:1 acetone; then elution with 100% acetone); 96.5% yield. 1H 

NMR (400 MHz, Chloroform-d): δ 9.26 (s, 1H), 7.52 (s, 1H), 7.36 (d, J = 8.3 Hz, 2H), 7.09 (d, J 

= 8.2 Hz, 2H), 6.81 (s, 1H), 5.95 (s, 1H), 4.54 (s, 1H), 3.21 (d, J = 11.3 Hz, 1H), 3.01 (dd, J = 14.9, 

6.5 Hz, 1H), 2.53 (d, J = 7.9 Hz, 2H), 1.64 – 1.51 (m, 2H), 1.46 (s, 9H), 1.36 – 1.19 (m, 10H), 0.93 

– 0.84 (m, 3H). 

 

• (9H-Fluoren-9-yl)methyl-(R)-(1-((4-octylphenyl)amine)-1-oxopropan-2-yl)carbamate 
 

 

Amino acid: 233.5 mg (0.75 mmol) of N-(9H-fluoren-9-yl)-L-alanine (N-Fmoc-L-Ala); 

Product: RF 0.82 (chloroform 10:1 acetone); 51.7% yield. 1H NMR (400 MHz, Chloroform-d): 

δ 7.90 (s, 1H), 7.75 (d, J = 7.6 Hz, 2H), 7.57 (d, J = 7.5 Hz, 2H), 7.38 (d, J = 8.3 Hz, 3H), 7.29 (d, 

J = 8.2 Hz, 1H), 7.11 (d, J = 8.3 Hz, 2H), 5.29 (s, 1H), 4.52 – 4.40 (m, 2H), 4.35 (s, 1H), 4.21 (t, 

J = 6.9 Hz, 1H), 2.62 – 2.52 (m, 2H), 1.56 (s, 8H), 1.46 (d, J = 7.0 Hz, 2H), 1.36 – 1.18 (m, 10H), 

0.87 (t, J = 6.8 Hz, 3H). 
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• (9H-Fluoren-9-yl)methyl-(2S,4R)-4-hydroxy-2-((4-octylphenyl)carbamoyl)-pyrroli-
dine-1-carboxylate 

 

 

Amino acid: 265.1 mg (0.75 mmol) of N-(9H-fluoren-9-yl)-L-trans-4-hydroxyproline (N-

Fmoc-L-trans-4-Hyp); Product: RF 0.16 (chloroform 10:1 acetone); 62.5% yield. 1H NMR (400 

MHz, Methanol-d4): δ 7.78 (d, J = 7.5 Hz, 1H), 7.64 (q, J = 8.6 Hz, 1H), 7.57 – 7.41 (m, 2H), 7.37 

(t, J = 7.3 Hz, 1H), 7.33 – 7.16 (m, 2H), 7.09 (dd, J = 19.4, 8.5 Hz, 2H), 4.63 – 4.29 (m, 2H), 4.29 

– 4.05 (m, 1H), 3.74 – 3.52 (m, 1H), 3.33 – 3.28 (m, 1H), 2.68 – 2.46 (m, 2H), 2.43 – 2.23 (m, 

1H), 2.15 (s, 2H), 1.68 – 1.49 (m, 2H), 1.42 – 1.11 (m, 10H), 0.97 – 0.76 (m, 3H). 

 

• (9H-Fluoren-9-yl)methyl-(2-((4-octylphenyl)amino)-2-oxoethyl)carbonate 
 

 

Acid: 223.7 mg (0.75 mmol) of O-(9H-fluoren-9-yl)-protected glycolic acid (O-Fmoc-gly-

colic acid); Product: RF 0.16 (chloroform 10:1 acetone); 70.9% yield. 1H NMR (400 MHz, Chlo-

roform-d): δ 7.82 (s, 1H), 7.76 (d, J = 7.5 Hz, 2H), 7.60 (d, J = 7.5 Hz, 2H), 7.41 (t, J = 8.6 Hz, 

4H), 7.32 (t, J = 7.9 Hz, 2H), 7.14 (d, J = 8.4 Hz, 2H), 4.73 (s, 2H), 4.54 (d, J = 6.9 Hz, 2H), 4.28 

(t, J = 6.9 Hz, 1H), 2.64 – 2.52 (m, 2H), 1.64 – 1.52 (m, 2H), 1.27 (dd, J = 15.8, 3.6 Hz, 10H), 

0.88 (t, J = 6.8 Hz, 3H). 
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Synthesis of tert-Butyl-(S)-(3-hydroxy-1-((4-octylphenyl)amino-1-oxopropan-2-yl)carb-
amate 

 

 

50 mg of 10% Pearlman’s catalyst and 100 mg (0.21 mmol) of tert-butyl-(S)-(3-(ben-

zyloxy)-1-((4-octylphenyl)amino-1-oxopropan-2-yl)carbamate were dispersed in 1.5 mL of a 1:1 

mixture of methanol and ethyl acetate. Under intense stirring, the reaction mixture was exposed to 

1,000–1,200 bar pressure of hydrogen gas for 12 h at RT. The reaction mixture was filtered through 

a pad of Celite® and rinsed thoroughly with additional ethyl acetate and methanol (1:1 mixture). 

The solvent was removed in vacuo and silica gel column chromatography yielded the pure product 

as a colorless oil (chloroform 10:1 acetone, RF 0.24; 72% yield). 1H NMR (400 MHz, Methanol-

d4): δ 7.44 (d, J = 8.5 Hz, 2H), 7.11 (d, J = 8.4 Hz, 2H), 4.25 (s, 1H), 3.80 (d, J = 5.2 Hz, 2H), 3.30 

(s, 1H), 2.60 – 2.51 (m, 2H), 1.63 – 1.53 (m, 2H), 1.45 (s, 9H), 1.30 (d, J = 11.4 Hz, 10H), 0.93 – 

0.85 (m, 3H). 

 

Synthesis of tert-Butyl-(S)-(1-((4-octylphenyl)amino)-1,3-dioxopropan-2-yl)carbamate 
 

 

In advance, a 16 mM solution of TEMPO in DCM was prepared and cooled to 0 °C. Also, 

an oxidizing solution consisting of 0.76 mL of saturated sodium hydrogen carbonate solution, 

1.49 mL of brine, and 1.19 mL of a 5.25% sodium hypochlorite solution was prepared in advance 

and cooled to 0 °C.  
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70 mg (0.23 mmol) of tert-Butyl-(S)-(3-hydroxy-1-((4-octylphenyl)amino-1-oxopropan-2-

yl)carbamate were dissolved in 0.5 mL of DCM at –10 °C. Then, 220 µL (3.2 · 10–2 mmol) of 

chilled TEMPO solution were added. Under intense stirring, 300 µL of saturated sodium hydrogen 

carbonate solution, 1.8 mg (1.5 · 10–2 mmol) of potassium bromide, and 2.5 mg (3.2 · 10–2 mmol) 

of tert-butylammonium chloride monohydrate were added to the reaction mixture at –10 °C. Then, 

over the course of no more than 15 min, 1.2 mL of the cooled sodium hypochlorite oxidizing 

solution was added dropwise to the reaction mixture at –10 °C. After complete addition, the reac-

tion mixture was diluted with excess DCM. The organic layer was separated and washed once with 

sodium hydrogen carbonate–infused water. The organic layer was collected, dried over magnesium 

sulfate, and the solvent was removed under vacuum with no heat or light to obtain the pure product 

as a colorless oil that was immediately used in the subsequent reaction step (98% yield).  

 

Synthesis of tert-Butyl-(S,E)-(4-(dimethoxyphosphoryl)-1-((4-octylphenyl)amino)-1-oxa-
but-3-en-2-yl)carbamate 

 

 

In 8 mL of anhydrous THF, 11 mg (0.27 mmol) of sodium hydride (60% dispersion in 

mineral oil) were dispersed under intense stirring at 0 °C. A solution of 63 mg (0.27 mmol) of 

tetramethyl methylenediphosphonate in 2 mL of anhydrous THF was then added dropwise and the 

mixture was stirred for 10 min at 0 °C. Then, a solution of 88 mg (0.23 mmol) of tert-Butyl-(S)-

(1-((4-octylphenyl)amino)-1,3-dioxopropan-2-yl)carbamate in 3 mL of anhydrous THF was added 

dropwise under intense stirring to the reactant mixture at 0 °C. The reaction mixture was then 

stirred for 2 h at 0 °C before being diluted with excess diethyl ether. The reaction was quenched 
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with 18 mL of 1M methanolic sodium hydroxide solution to remove excess diphosphonate. The 

organic layer was washed once with a water 1:1 brine mixture, dried over magnesium sulfate, and 

concentrated in vacuum. The residue was purified over silica gel column chromatography to yield 

a colorless solid (chloroform 10:1 acetone, RF 0.22; 49.2% yield). 1H NMR (400 MHz, Methanol-

d4): δ 7.88 (s, 2H), 7.44 (d, J = 8.4 Hz, 2H), 7.11 (d, J = 8.4 Hz, 2H), 4.83 (s, 5H), 4.25 (s, 1H), 

3.80 (d, J = 5.2 Hz, 2H), 3.30 (s, 1H), 2.60 – 2.49 (m, 2H), 1.64 – 1.53 (m, 2H), 1.45 (s, 8H), 1.30 

(d, J = 11.2 Hz, 10H), 0.89 (t, J = 6.9 Hz, 3H). 

 

Synthesis of (S,E)-(3-Amino-4-((4-octylphenyl)4-oxobut-1-en-1-yl)phosphonic acid hy-
drobromide (TYS-AA01-Pn) 

 

 

50 mg (0.1 mmol) of tert-butyl-(S,E)-(4-(dimethoxyphosphoryl)-1-((4-octylphenyl)-

amino)-1-oxabut-3-en-2-yl)carbamate were dissolved in 3 mL of anhydrous DCM. 133 µL 

(1 mmol) of trimethylsilyl bromide were added to the solution and the reaction mixture was al-

lowed to stir for 72 h at RT. The solvent was then removed under reduced pressure to complete 

dryness and the brown residue was dissolved in 4 mL of methanol and stirred for 1 h at RT. The 

solvent was removed in vacuo. The brown residue was suspended repeatedly in 100% ACN and 

the solvent was removed in vacuum multiple times to co-evaporate any residual methanol whose 

trace amounts would prevent the precipitation of the product in pure ACN. The resulting suspen-

sion in ACN was then poured into a centrifuge tube and was centrifuged for 10 min at 3,000 RPM. 

The colored ACN layer was carefully removed via a pipet and the remaining colorless solid was 

kept in the centrifuge tube for subsequent purifications with equivalent amounts of fresh ACN. 
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This purification process was performed overall three times until the organic layer indicated no 

further coloring. Remaining ACN was removed manually with a pipet, giving the product as its 

hydrobromide salt as a colorless solid (41.7% yield). 1H NMR (400 MHz, Methanol-d4): δ 7.48 (d, 

J = 8.5 Hz, 2H), 7.14 (d, J = 8.5 Hz, 2H), 4.14 – 4.06 (m, 1H), 4.06 – 3.98 (m, 1H), 3.93 (dd, J = 

11.6, 6.5 Hz, 1H), 2.64 – 2.52 (m, 2H), 1.65 – 1.53 (m, 2H), 1.29 (d, J = 13.7 Hz, 10H), 0.88 (d, J 

= 7.1 Hz, 3H). 

 

N-Boc Deprotection of para-substituted Amide–based Meta Drug Candidate Intermediates 
from 4-n-Octylaniline 
 

General procedure: 0.25 mmol of respective amide meta drug intermediate were dissolved 

in 4 mL of anhydrous methanol and 1 mL of 3M methanolic HCl were added. The reaction mixture 

was stirred for 1 h at RT and the solvent was removed in vacuum to complete dryness. The residue 

was suspended in 5 mL of diethyl ether and stirred for 2 h at RT. The dispersed solid was filtered 

and dried in vacuum to give the HCl salt of the pure product.  

 

• (2S,3R)-2-Amino-3-(benzyloxy)-N-(4-octylphenyl)butanamide hydrochloride (TYS-
AA02a) 

 

 

Product: 70.3% yield. 1H NMR (400 MHz, Chloroform-d): δ 8.45 (s, 1H), 7.17 (dt, J = 

15.1, 8.2 Hz, 6H), 6.93 (d, J = 8.1 Hz, 2H), 5.66 (s, 1H), 4.51 (t, J = 10.1 Hz, 2H), 4.35 (s, 1H), 

4.11 – 4.02 (m, 1H), 2.48 – 2.35 (m, 2H), 1.45 (s, 2H), 1.12 (dd, J = 28.9, 9.0 Hz, 12H), 0.79 (t, J 

= 6.9 Hz, 3H). 
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• (S)-2-Amino-N-(4-octylphenyl)-3-phenylpropanamide hydrochloride (TYS-AA03) 
 

 

Product: 56.1% yield. 1H NMR (400 MHz, Chloroform-d): δ 9.49 (s, 1H), 8.27 (s, 2H), 

7.14 (d, J = 41.9 Hz, 7H), 6.84 (s, 2H), 3.55 (s, 1H), 3.27 (d, J = 49.6 Hz, 2H), 2.37 (s, 2H), 1.48 

– 1.35 (m, 2H), 1.24 (s, 10H), 0.87 (t, J = 6.6 Hz, 3H). 

 

• (S)-2-Amino-3-(1H-imidazol-4-yl)-N-(4-octylphenyl)propenamide hydrochloride 
(TYS-AA04) 

 

 

Product: 88.1% yield. 1H NMR (400 MHz, Methanol-d4): δ 8.89 (s, 1H), 7.55 – 7.43 (m, 

3H), 7.14 (d, J = 8.5 Hz, 2H), 4.41 (t, J = 7.0 Hz, 1H), 3.53 – 3.35 (m, 2H), 2.62 – 2.52 (m, 2H), 

1.67 – 1.53 (m, 2H), 1.29 (d, J = 12.4 Hz, 10H), 0.98 – 0.81 (m, 3H). 

 

N-Fmoc Deprotection of para-substituted Amide–based Meta Drug Candidate Intermedi-
ates from 4-n-Octylaniline 
 

General procedure: 0.25 mmol of respective amide meta drug intermediate were dissolved 

in 5 mL of anhydrous DCM and 7.5 µL (0.05 mmol) of DBU were added. The reaction mixture 

was stirred for 5 h at RT and the solvent was removed in vacuum to complete dryness. The residue 

was purified by silica gel column chromatography (hexanes 1:3 ethyl acetate + 0.1 vol.-% TEA) 

to give the product as colorless to faint yellow, flaky solids.  
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• (2R)-2-Amino-N-(4-octylphenyl)propenamide (TYS-AA05) 
 

 

Product: RF 0.35 (hexanes 3:1 ethyl acetate + 0.1 vol.-% TEA); 42.5% yield. 1H NMR (400 

MHz, Methanol-d4): δ 7.45 (d, J = 8.4 Hz, 2H), 7.11 (d, J = 8.4 Hz, 2H), 2.66 (d, J = 10.6 Hz, 1H), 

2.60 – 2.51 (m, 2H), 1.64 – 1.49 (m, 2H), 1.41 – 1.16 (m, 13H), 0.89 (t, J = 6.9 Hz, 3H). 

 

• (2S,4R)-4-Hydroxy-N-(4-octylphenyl)pyrrolidine-2-carboxamide (TYS-AA06) 
 

 

Product: RF 0.42 (hexanes 3:1 ethyl acetate + 0.1 vol.-% TEA); 55.6% yield. 1H NMR (400 

MHz, Methanol-d4): δ 7.45 (d, J = 8.5 Hz, 2H), 7.12 (d, J = 8.5 Hz, 2H), 4.38 (s, 1H), 3.99 (t, J = 

8.3 Hz, 1H), 3.06 (dd, J = 12.0, 4.0 Hz, 1H), 2.93 (d, J = 12.0 Hz, 1H), 2.62 – 2.51 (m, 2H), 2.26 

– 2.14 (m, 1H), 2.06 – 2.00 (m, 1H), 1.65 – 1.53 (m, 2H), 1.30 (d, J = 11.8 Hz, 10H), 0.89 (t, J = 

6.9 Hz, 3H). 

 

• 2-Hydroxy-N-(4-octylphenyl)acetamide (TYS-AA07) 
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Product: RF 0.45 (chloroform 50:1 acetone); 76.1% yield. 1H NMR (500 MHz, Chloro-

form-d) δ 7.31 (s, 4H), 4.86 (s, 2H), 2.68 – 2.59 (m, 2H), 1.67 – 1.58 (m, 2H), 1.29 (d, J = 24.0 

Hz, 10H), 0.88 (t, J = 7.0 Hz, 3H). 

  

Synthesis of (2S,3R)-2-Amino-3-hydroxy-N-(4-octylphenyl)butanamide 
 

  

30 mg of 10% Pearlman’s catalyst and 50 mg (0.13 mmol) of (2S,3R)-2-Amino-3-(ben-

zyloxy)-N-(4-octylphenyl)butanamide hydrochloride were dispersed in 1.5 mL of a 1:1 mixture of 

methanol and ethyl acetate. Under intense stirring, the reaction mixture was exposed to 1,000–

1,200 bar pressure of hydrogen gas for 12 h at RT. The reaction mixture was filtered through a pad 

of Celite® and rinsed thoroughly with additional ethyl acetate and methanol (1:1 mixture). The 

solvent was removed in vacuo and silica gel column chromatography yielded the pure product as 

a colorless oil (chloroform 10:1 acetone, RF 0.19; 44% yield). 1H NMR (400 MHz, Methanol-d4): 

δ 7.51 (d, J = 6.0 Hz, 2H), 7.14 (d, J = 6.6 Hz, 2H), 3.32 – 3.30 (m, 1H), 2.64 – 2.52 (m, 2H), 1.99 

(s, 1H), 1.67 – 1.53 (m, 2H), 1.30 (d, J = 11.5 Hz, 12H), 0.89 (t, J = 6.9 Hz, 3H). 

 
Synthesis of N-(4-Octylphenyl)-2-oxoacetamide 
 

 

In advance, a 16 mM solution of TEMPO in DCM was prepared and cooled to 0 °C. Also, 

an oxidizing solution consisting of 0.76 mL of saturated sodium hydrogen carbonate solution, 
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1.49 mL of brine, and 1.19 mL of a 5.25% sodium hypochlorite solution was prepared in advance 

and cooled to 0 °C.  

114 mg (0.43 mmol) of 2-Hydroxy-N-(4-octylphenyl)acetamide (TYS-AA07) were dis-

solved in 1.2 mL of DCM at –10 °C. Then, 530 µL (4.3 · 10–2 mmol) of chilled TEMPO solution 

were added. Under intense stirring, 730 µL of saturated sodium hydrogen carbonate solution, 

4.3 mg (0.08 mmol) of potassium bromide, and 5.1 mg (0.04 mmol) of tert-butylammonium chlo-

ride monohydrate were added to the reaction mixture at –10 °C. Then, over the course of no more 

than 15 min, 2.9 mL of the cooled sodium hypochlorite oxidizing solution was added dropwise to 

the reaction mixture at –10 °C. After complete addition, the reaction mixture was diluted with 

excess DCM. The organic layer was separated and washed once with sodium hydrogen carbonate–

infused water. The organic layer was collected, dried over magnesium sulfate, and the solvent was 

removed under reduced pressure with no heat or light to obtain the pure product as a colorless oil 

that was immediately used in the next reaction step (95% yield).  

 

Synthesis of Dimethyl-(E)-(3-((4-octylphenyl)amino)-3-oxoprop-1-en-1-yl)phosphonate 
 

 

In 11 mL of anhydrous THF, 26 mg (0.65 mmol) of sodium hydride (60% dispersion in 

mineral oil) were dispersed under intense stirring at 0 °C. A solution of 150 mg (0.65 mmol) of 

tetramethyl methylenediphosphonate in 10 mL of anhydrous THF was then added dropwise and 

the mixture was stirred for 10 min at 0 °C. Then, a solution of 106.8 mg (0.41 mmol) of N-(4-

octylphenyl)-2-oxoacetamide in 10 mL of anhydrous THF was added dropwise under intense stir-

ring to the reactant mixture at 0 °C. The reaction mixture was then stirred for 2 h at 0 °C, then was 
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diluted with excess diethyl ether. The reaction was quenched with 25 mL of 1M methanolic sodium 

hydroxide solution. The ether layer was washed once with a water 1:1 brine mixture, dried over 

magnesium sulfate, and concentrated under reduced pressure. The residue was purified via silica 

gel column chromatography to yield the pure product as a colorless oil (chloroform 10:1 acetone, 

RF 0.17; 69.6% yield). 1H NMR (400 MHz, Methanol-d4): δ 7.88 (s, 1H), 7.47 (d, J = 8.4 Hz, 2H), 

7.13 (d, J = 8.5 Hz, 2H), 4.09 (s, 1H), 3.93 – 3.74 (m, 2H), 2.64 – 2.49 (m, 2H), 1.64 – 1.55 (m, 

2H), 1.30 (d, J = 12.1 Hz, 10H), 0.89 (t, J = 6.9 Hz, 3H). 

 

Synthesis of (E)-(3-((4-Octylphenyl)amino)-3-oxoprop-1-en-1-yl)phosphonic acid (TYS-
AA07-Pn) 

 

 

100 mg (0.27 mmol) of dimethyl-(E)-(3-((4-octylphenyl)amino)-3-oxoprop-1-en-1-yl)-

phosphonate were dissolved in 7.2 mL of anhydrous DCM and 658 µL (113 mmol) of trimethylsi-

lyl bromide were added to the solution. The reaction mixture was allowed to stir for 72 h at RT. 

The solvent was then removed in vacuo to completion and the brown residue was dissolved in 10 

mL of methanol and stirred for 1 h at RT. The solvent was then removed in vacuum. The residue 

was purified by silica gel column chromatography to give the pure product as a colorless to light 

gray solid (chloroform 8:2 acetone, RF 0.35; 10.4% yield). 1H NMR (400 MHz, Methanol-d4): 

δ 7.47 (d, J = 8.5 Hz, 1H), 7.13 (d, J = 8.5 Hz, 1H), 3.68 – 3.53 (m, 1H), 3.52 – 3.36 (m, 1H), 2.63 

– 2.51 (m, 1H), 2.06 – 1.86 (m, 1H), 1.59 (s, 2H), 1.30 (d, J = 12.2 Hz, 10H), 0.89 (t, J = 6.9 Hz, 

3H). 
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Synthesis of Dimethyl vinylphosphonate 
 

 

595 mg (4.31 mmol) of potassium carbonate were dissolved in 750 µL of water and 500 mg 

(2.15 mmol) of tetramethyl methylenediphosphonate were added. The stirred mixture was brought 

to reflux at 95 °C and then 210 µL of a freshly prepared aqueous 30% formaldehyde (stabilized 

with 10 vol.-% 0.1 M aqueous NaOH solution) solution were added dropwise within 15 min. The 

reaction mixture was refluxed for 1 h at 95 °C. Then, the reaction solution was extracted three 

times with 5 mL of chloroform. The organic layers were combined, washed once with brine, and 

dried over magnesium sulfate. After complete removal of the solvent in vacuo the product was 

obtained a colorless oil of low viscosity (55.3% yield). 1H NMR (400 MHz, Chloroform-d): δ 6.41 

– 5.94 (m, 3H), 3.74 (d, J = 11.0 Hz, 6H). 

 

Synthesis of 3DPA2FBN 
 

 

5.48 g (32.4 mmol) of diphenylamine were dissolved in 100 mL of anhydrous THF at RT. 

1.95 g (48.7 mmol) of sodium hydride (60% dispersion in mineral oil) were added. The mixture 

was stirred for 30 min at 50 °C. Then, 653 µL (5.18 mmol) of pentafluorobenzonitrile were added. 

The reaction mixture was stirred vigorously for 48 h at RT. Then, 100 mL of distilled water were 

P
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MeO
MeO

CN
N

F
N

F

N
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added dropwise over 15 min. The organic solvent was removed in vacuo and the aqueous residue 

was extracted thrice with 50 mL of DCM. The organic layers were combined, dried over magne-

sium sulfate, filtered, then concentrated in vacuo. The crude product was recrystallized from boil-

ing ethyl acetate and the solid was filtered through Büchner funnel filtration. The slid was collected 

and washed by repeated (minimum of five–fold) dispersion in cold ethyl acetate, followed by cen-

trifugation (3,000 RPM for 3 min). The pure product was obtained as a fine powdery solid of bright 

yellow color (92% yield). 1H NMR (500 MHz, Chloroform-d) δ 7.27–7.23 (m, 16H), 7.08–6.92 

(m, 24H). 

 

Synthesis of 4-n-Octylstyrene 
 

 

100 mg (0.29 mmol) of 1-(2-iodoethyl)-4-n-octylbenzene were dissolved in 3 mL of freshly 

distilled, anhydrous ethanol at RT. 1 mL (2.9 mmol) of a 21% w/w sodium ethoxide solution in 

ethanol were added and the reaction mixture was refluxed for 14 h at 75 °C. The solvent was 

removed in vacuo. The residue was dissolved in 10 mL of DCM and pulled through a 1 cm silica 

pad in a fritted glass funnel. The organic layer was washed thrice with 10 mL of distilled water, 

then once with 10 mL of brine. The organic layer was collected, dried over magnesium sulfate, 

filtered, then concentrated in vacuo. The crude product was purified via silica gel column chroma-

tography (100% hexanes, RF 0.55). The pure product was collected as a faintly yellow oil of low 

viscosity (89% yield). 1H NMR (500 MHz, Chloroform-d) δ 7.32 (d, J = 8.0 Hz, 2H), 7.13 (d, J = 

8.0 Hz, 2H), 6.69 (dd, J = 17.6, 10.9 Hz, 1H), 5.70 (d, J = 17.6 Hz, 1H), 5.18 (d, J = 10.9 Hz, 1H), 

2.63 – 2.53 (m, 2H), 1.65 – 1.55 (m, 2H), 1.28 (d, J = 21.2 Hz, 10H), 0.88 (t, J = 6.9 Hz, 3H). 
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Photocatalytic Synthesis of racemic (3-Amino-3-(hydroxymethyl)-5-(4-octylphenyl)-pen-
tyl)phosphonic acid hydrobromide (FTY720-(R,S)-phosphonate hydrobromide; racemic Ty-
siponate hydrobromide; rac. TySIP · HBr) 

 

 

A 100 mL Schlenk flask equipped with a magnetic stir bar was charged with 650 mg 

(3.0 mmol) of 4-n-octylstyrene, 38.5 mg (6 x 10-2 mmol) of 3DPA2FBN, 171 mg (0.6 mmol) of 

tetrabutylammonium azide, and 218 µL (3.6 mmol) of freshly distilled, anhydrous ethanolamine 

at RT. Then, the reaction vessel was closed with a plastic stopper, air–seal it with parafilm, and 

connected to a Schlenk line. A triple freeze–pump–thaw procedure using a dry ice/acetone –78 °C 

cooling bath was performed. Then, 20 mL of anhydrous, degassed/deoxygenated DMF were added 

and the Schlenk flask was sealed. The reaction vessel was placed into a UV/Vis photoreactor and 

the reaction mixture was stirred and irradiated with light of 390 nm wavelength for 20 h at RT. 

Then, a degassed/deoxygenated solution of 356 µL (3.0 mmol) of dimethyl vinylphosphonate and 

38.5 mg (6 x 10-2 mmol) of 3DPA2FBN in 5 mL of anhydrous DMF was added to the stirring 

reaction mixture at RT. The sealed reaction mixture was then stirred and irradiated with light of 

390 nm wavelength for another 20 h at RT. After the UV/Vis subjection, the crude reaction mixture 

could be stored at –80 °C.  

A 10 vol.-% aliquot (2.63 mL) of the crude reaction mixture was concentrated in vacuo, 

then its vessel was flooded with argon and sealed with a septum. 4 mL of anhydrous DCM and a 

magnetic stir bar were added to the concentrated crude reaction mixture aliquot and the reaction 

vessel was purged with more argon. Then, 396 µL (3.0 mmol) of TMSBr were added at RT and 

the reaction mixture was allowed to stir for 4 h at RT. Then, the solvent was removed in vacuo to 

complete dryness. The residue was dissolved in 4 mL of 95% methanol and the resulting solution 

P
O

HO
HO

HO NH2
HBr
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was stirred for 1 h at RT. Then, the solvent was removed in vacuo to complete dryness without 

exceeding the water bath temperature of the rotary evaporator over 40 °C.  

The residue obtained was then immediately dispersed in 3.6 mL of DCM. 900 µL of this 

dispersion was dispensed into each of four 1.5 mL plastic centrifuge vials with snap caps. Then, 

600 µL of hexanes were added to each vial. Gradual precipitation of a colorless solid floating to 

the surface of the mixture was observed. The vials were centrifuged at 3,000 RPM for 3 min. After 

centrifugation, the product resided at the bottom of the vial in the form of a colorless to gray solid 

of gunky/smeary texture. The supernatant was carefully decanted and the vials were filled each 

with 1 mL of a DCM 3:2 hexanes solvent mixture. The vials were then sealed and shaken vigor-

ously to disperse the product in the fresh solvent. Then, the vials were centrifuged at 3,000 RPM 

for 3 min. These washing and centrifuging steps were repeated ten more times until the supernatant 

was colorless. After the final purification cycle, pure racemic tysiponate hydrobromide was ob-

tained in the form of a smeary, colorless to light gray solid. The product was dried overnight on 

Schlenk line vacuum to obtain rac. TySIP • HBr as colorless to light gray solid with highly elec-

trostatic character (34% total yield). 1H NMR (500 MHz, Methanol-d4) δ 7.11 (s, 4H), 3.68 (s, 

2H), 2.67 – 2.55 (m, 4H), 1.96 (dd, J = 17.4, 7.6 Hz, 4H), 1.71 – 1.49 (m, 4H), 1.30 (d, J = 12.8 

Hz, 10H), 0.88 (s, 3H). 
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SELECTED 1H AND 13C NMR SPECTRA 



 190 



 191 



 192 



 193 



 194 

The picture can't be displayed.



 195 

The picture can't be displayed.



 196 

The picture can't be displayed.



 197 

The picture can't be displayed.



 198 

The picture can't be displayed.



 199 



 200 



 201 



 202 



 203 

 



 204 

 



 205 

  



 206 

  



 207 

  



 208 

  



 209 

  



 210 

  



 211 

  



 212 

  



 213 

  



 214 

 



 215 

 



 216 

 



 217 

 



 218 

 



 219 

 



 220 

 



 221 

 



 222 

 



 223 

 



 224 

 



 225 

 



 226 

 



 227 

 



 228 

 



 229 

SELECTED MS/MS SPECTRA 

  



 230 

  



 231 

  

An
al

ys
is

 In
fo

A
cq

ui
si

tio
n 

D
at

e
5/

9/
20

19
 3

:3
9:

02
 P

M
A

na
ly

si
s 

N
am

e
D

:\D
at

a\
20

19
_0

5\
A

M
-2

53
32

11
\S

am
pl

eA
_1

00
x_

di
l_

01
_R

C
2_

01
_2

28
7.

d
K

K
M

et
ho

d
22

87
.m

O
pe

ra
to

r
Sa

m
pl

eA
_1

00
x_

di
l_

01
In

st
ru

m
en

t
am

aZ
on

 S
L

S
am

pl
e 

N
am

e
C

om
m

en
t

S
am

pl
eA

_1
00

x_
di

l_
01

_R
C

2_
01

_2
28

7.
d:

 B
P

C
 +

A
ll 

M
S

S
am

pl
eA

_1
00

x_
di

l_
01

_R
C

2_
01

_2
28

7.
d:

 B
P

C
 -A

ll 
M

S

S
am

pl
eA

_1
00

x_
di

l_
01

_R
C

2_
01

_2
28

7.
d:

 E
IC

 7
9.

00
 -A

ll 
M

S

0.
0

0.
5

1.
09

x1
0

In
te

ns
. 0247

x1
0

In
te

ns
. 014

x1
0

In
te

ns
. 0

2
4

6
8

10
12

14
16

18
Ti

m
e 

[m
in

]

80
.8
9

11
2.
99

3‐
18

2.
64

29
4.
49

1‐
32

9.
46

1‐

37
5.
37

1‐

42
2.
65

3‐
46

3.
07

51
4.
07

1‐
54

7.
94

59
1.
77

63
6.
50

‐M
S,
 5
.0
‐5
.2
m
in
 #
26

6‐
27

6

78
.9
1

80
.8
9

96
.8
4

‐M
S,
 5
.0
‐5
.2
m
in
 #
26

6‐
27

6

0

20
00

40
00

60
00

In
te

ns
. 0

25
0

50
0

75
0

10
00

12
50

10
0

20
0

30
0

40
0

50
0

60
0

m
/z

60
65

70
75

80
85

90
95

10
0

m
/z

G
en

er
ic

 D
is

pl
ay

 R
ep

or
t

B
ru

ke
r C

om
pa

ss
 D

at
aA

na
ly

si
s 

4.
2

pr
in

te
d:

1 
of

 1
Pa

ge
 

5/
9/

20
19

 5
:3

6:
06

 P
M

kk
by

:



 232 

SELECTED ECIS RESULTS 

  



 233 

 



 234 

 



 235 

 



 236 

 



 237 

 



 238 

 



 239 

  



 240 



 241 

REFERENCES 

 
 

1  Goldenberg, M. M. P&T 2012, 37, 175–184. 
2  Coles, A. J.; Cox, A.; Le Page, E.; Jones, J.; Trip, S. A.; Deans, J.; Seaman, S.; Miller, D. H.; 

Hale, G.; Waldmann, H.; Compston, D. A. J. Neurol. 2006, 253, 98–108. 
3  Hauser, S. L.; Chan, J. R.; Oksenberg, J. R. Ann. Neurol. 2013, 74, 317–327. 
4  Global Initiative for Asthma (GINA): “Global strategy for asthma management and preven-

tion” (2020). URL: http://www.ginasthma.org (accessed: 13 May 2020). 
5  Rubenfeld, G. D.; Caldwell, E.; Peabody, E.; Weaver, J.; Martin, D. P.; Neff, M.; Stern, E. J.; 

Hudson, L. D. N. Engl. J. Med. 2005, 353, 1685–1693. 
6  Bernard, G. R.; Artigas, A.; Brigham, K. L.; Carlet, J.; Falke, K.; Hudson, L.; Lamy, M.; 

Legall, J. R.; Morris, A.; Spragg, R. Am. J. Respir. Crit. Care Med. 1994, 149, 818–824. 
7  Maceyka, M.; Spiegel, S. Nature 2014, 510, 58–67. 
8  Marciniak, A.; Camp, S. M.; Garcia, J. G. N.; Polt, R. Bioorg. Med. Chem. Lett. 2018, 23-24, 

3585–3591. 
9  Lu, X.; Sun, C.; Valentine, W. J.; E, S.; Liu, J.; Tigyi, G.; Bittman, R. J. Org. Chem. 2009, 

74, 3192–3195. 
10  Garner, P.; Park, J. M. J.Org. Chem. 1987, 52, 2361–2364. 
11  O’Donnell, M. J.; Boniece, J. M.; Earp, S. E. Tetrahedron Lett. 1978, 19, 2641–2644. 
12  Askey, H. E.; Grayson, J. D.; Tibbetts, J. D.; Turner-Dore, J. C.; Holmes, J. M.; Kociok-Kohn, 

G.; Wrigley, G. J.; Cresswell, A. J. J. Am. Chem. Soc. 2021, 143(39), 15936–15945. 
13  Marciniak, A.; Camp, S. M.; Garcia, J. G. N.; Polt, R. Front. Pharmacol. 2020, 11, 247. doi: 

10.3389/fphar.2020.00247  
14  Clanet, M. Int. MS J. 2008, 15, 59–61. 
15  Orrell, R. W. J. R. Soc. Med. 2005, 98, 289. 
16  “Magnetic Resonance Imaging (MRI) of Multiple Sclerosis” (1995–2019). URL: 

https://myhealth.alberta.ca/Health/pages/conditions.aspx?hwid=zm6056 (accessed: 26 May 
2020). 

17  Zwibel, H. L.; Smrtka, J. Am. J. Manag. Care 2011, 17, S139–S145. 
18  Phillips, C. J. CNS Drugs 2004, 18, 561–574. 
19  Nortvedt, M. W.; Riise, T.; Myhr, K. M.; Nyland, H. I. Neurology 1999, 53, 1098–1103. 
20  Rao, S. M.; Leo, G. J.; Ellington, L.; Nauertz, T.; Bernardin, L.; Unverzagt, F. Neurology 

1991, 41, 692–696. 
21  Adelman, G.; Rane, S. G.; Villa, K. F. J. Med. Econ. 2013, 16, 639–647. 



 242 

 
22  Dilokthornsakul, P.; Valuck, R. J.; Nair, K. V.; Corboy, J. R.; Allen, R. R.; Campbell, J. D. 

Neurology 2016, 86, 1014–1021. 
23  Alonso, A.; Hernán, M. A. Neurology 2008, 71, 129–135. 
24  Noonan, C. W.; Kathman, S. J.; White, M. C. Neurology 2002, 58, 136–138. 
25  Mayr, W. T.; Pittock, S. J.; McClelland, R. L.; Jorgensen, N. W.; Noseworthy, J. H.; Rodri-

guez, M. Neurology 2003, 61, 1373–1377. 
26  Marrie, R. A.; Yu, N.; Blanchard, J.; Leung, S.; Elliott, L. Neurology 2010, 74, 465–471. 
27  Chiaravalloti, N. D., DeLuca, J. Lancet Neurol. 2008, 7, 1139–1151. 
28  Rao, S. M.; Leo, G. J.; Bernardin, L.; Unverzagt, F. Neurology 1991, 41, 685–691. 
29  Benedict, R. H.; Cookfair, D.; Gavett, R.; Gunther, M.; Munschauer, F., Garg, N.; Weinstock-

Guttman, B. J. Int. Neurophysiol. Soc. 2006, 12, 549–558. 
30  Ruet, A.; Deloire, M.; Hamel, D.; Quallet, J.-C.; Petry, K. J. Neurol. 2013, 260, 776–784. 
31  Hauser, S. L.; Goodwin, D. S. Multiple sclerosis and other demyelinating diseases. In: Fauci, 

A. S.; Braunwald, E.; Kasper, D. L.; Hauser, S. L. eds. Harrison_s Principles of Internal Med-
icine, Vol. II, 17th Ed., New Sork: McGraw-Hill Medicinal, 2008, 2611–2621. 

32  Cree, B. A. C. Multiple Sclerosis. In: Brust, J. C. M., ed. Current Diagnosis and Treatment in 
Neurology. New York: Lange Medical Books/McGraw-Hill Medicinal, 2007. 

33  Calabresi, P. A. Am. Fam. Physician 2004, 70, 1935–1944. 
34  Weinshenker, B. C. Neurol. Clin. 1996, 142, 1–308. 
35  Calabrese, M.; Agosta, F.; Rinaldi, F.; Mattisi, I.; Grossi, P.; Favaretto, A.; Atzori, M.; Ber-

nardi, V.; Barachino, L.; Rinaldi, L.; Perini, P.; Gallo, P.; Filippi, M. Arch. Neurol. 2009, 66, 
1144–1150. 

36  Roosendaal, S. D.; Moraal, B.; Pouwels, P. J.; Vrenken, H.; Castelijns, J. A.; Barkhof, F.; 
Geurts, J. J. Multiple Scler. 2009, 15, 708–714. 

37  Nelson, F.; Datta, S.; Garcia, N.; Rozario, N. L.; Perez, F.; Cutter, G.; Narayana, P. A.; Wolin-
sky, J. S. Multiple Scler. 2011, 17, 1122–1129. 

38  Nielsen, A. S.; Kinkel, R. P.; Madigan, N.; Tinelli, E.; Benner, T.; Mainero, C. Neurology 
2013, 81, 641–649. 

39  Harrison, D. M.; Roy, S.; Oh, J.; Izbudak, I.; Pham, D.; Courtney, S.; Caffo, B.; Jones, C. K.; 
van Zijl, P.; Calabresi, P. A. JAMA Neurol. 2015, 72, 1004–1012. 

40  Shinoda, K.; Matsushita, T.; Nakamura, Y.; Masaki, K.; Sakai, S.; Nomiyama, H.; Togao, O.; 
Hiwatashi, A.; Niino, M.; Isobe, N.; Kira, J. Sci. Rep. 2020, 10, 5228. 

41  Ramagopalan, S. V.; Dobson, R.; Meier, U. C.; Giovannoni, G. Lancet Neurol. 2010, 9, 727–
739. 

42  Ascherio, A.; Munger, K. L. Ann. Neurol. 2007, 61, 288–299. 
43  Pakpoor, J.; Disanto, G.; Gerber, J. E. et al. Mult. Scler. 2013, 19, 162–166. 



 243 

 
44  Bjornevik, K.; Cortese, M.; Healy, B. C.; Kohle, J.; Mina, M. J.; Leng, Y.; Elledge, S. J.; 

Niebuhr, D. W.; Scher, A. I.; Munger, K. L.; Ascherio, A. Science 2022, 375(6578), 296–301. 
45  Karussis, D. J. Autoimmun. 2014, 48–49, 134–142. 
46  Lassmann, H. J. Neurol. Sci. 2013, 333, 1–4. 
47  Trapp, B. D.; Peterson, J.; Ransohoff, R. M.; Rudick, R.; Mörk, S.; Bö, L. N. Engl. J. Med. 

1998, 338, 278–285. 
48  Dobson, R.; Giovannoni, G. Eur. J. Neurol. 2019, 26, 27–40. 
49  Prineas, J. W.; Kwon, E. E.; Cho, E. S. et al. Ann. Neurol. 2001, 50, 646–657. 
50  Legroux, L.; Arbour, N. J. Neuroimmune Pharmacol. 2015, 10, 528–546. 
51  NIH/NIAID (2020). URL: https://www.flickr.com/photos/niaid/5950870236/ (accessed: 27 

May 2020). 
52  Alberts, B.; Johnson, A.; Lewis, J. et al. Molecular Biology of the Cell. 4th ed. New York: 

Garland Science; 2002. Helper T Cells and Lymphocyte Activation. 
53  Janeway, C. A. Jr.; Travers, P.; Walport, M. et al. Immunobiology: The Immune System in 

health and Disease. 5th ed. New York: Garland Science; 2001. T Cell–Mediated Cytotoxicity. 
54  Trapani, J. A. Aust. N. Z. J. Med. 1995, 25, 793–799. 
55  Mittrucker, H. W.; Visekruna, A.; Huber, M. Arch. Immunol. Ther. Exp. 2014, 62, 449–458. 
56  Raphael, I.; Nalawade, S.; Eagar, T. N.; Forsthuber, T. G. Cytokine 2014, 74, 5–17. 
57  Larochelle, C.; Alvarez, J. I.; Prat, A. FEBS Lett. 2011, 585, 3770–3780. 
58  Engelhardt, B.; Ransohoff, R. M. Trends Immunol. 2012, 33, 579–589. 
59  Goverman, J. Nat. Rev. Immunol. 2009, 9, 393–407. 
60  Wong, D.; Dorovini-Zis, K. J. Neuroimmunol. 1992, 39, 11–21. 
61  Wong, D.; Dorovini-Zis, K. Microvasc. Res. 1995, 49, 325–339. 
62  Cayrol, R.; Wosik, K.; Berard, J. L.; Dodelet-Devillers, A.; Ifergan, I.; Kebir, H.; Haqqani, 

A. S.; Kreymborg, K.; Krug, S.; Moumdjian, R.; Bouthillier, A.; Becher, B.; Arbour, N.; Da-
vid, S.; Stanimirovic, D.; Prat, A. Nat. Immunol. 2008, 9, 137–145. 

63  Larochelle, C.; Cayrol, R.; Kebir, H.; Alvarez, J. I.; Lecuyer, M. A.; Ifergan, I.; Viel, E.; 
Bourbonniere, L.; Beauseigle, D.; Terouz, S.; Hachehouche, L.; Gendron, S.; Poirier, J.; 
Jobin, C.; Duquette, P.; Flanagan, K.; Yednock, T.; Arbour, N.; Prat, A. Brain 2012, 135, 
2906–2924. 

64  Cheng, W.; Chen, G. Mediators Inflamm. 2014, 2014:659206. 
65  Griffith, J. W.; Sokol, C. L.; Luster, A. D. Annu. Rev. Immunol. 2014, 32, 659–702. 
66  Reboldi, A.; Coisne, C.; Baumjohann, D.; Benvenuto, F.; Bottinelli, D.; Lira, S.; Uccelli, A.; 

Lanzavecchia, A.; Engelhardt, B.; Sallusto, F. Nat. Immunol. 2009, 10, 514–523. 
67  Stoolman, J. S.; Duncher, P. C.; Huber, A. K.; Segal, B. M. J. Immunol. 2014, 193, 564–570. 



 244 

 
68  Codarri, L.; Gyulveszi, G.; Tosevski, V.; Hesske, L.; Fontana, A.; Magnenat, L.; Suter, T.; 

Becher, B. Nat. Immunol. 2011, 12, 560–567. 
69  Codarri, L.; Greter, M.; Becher, B. Trends Immunol. 2013, 34, 114–119. 
70  McQualter, J. L.; Darwiche, R.; Ewing, C.; Onuki, M.; Kay, T. W.; Hamilton, J. A.; Reid, H. 

H.; Bernard, C. C. J. Exp. Med. 2001, 194, 873–882. 
71  El-Behi, M.; Ciric, B.; Dai, H.; Yan, Y.; Cullimore, M.; Safavi, F.; Zhang, G. X.; Dittel, B. 

N.; Rostami, A. Nat. Immunol. 2011, 12, 568–575. 
72  Carrieri, P. B.; Provitera, V.; De Rosa, T.; Tartaglia, G.; Gorga, F.; Perrella, O. Immunophar-

macol. Immunotoxicol. 1998, 20, 373–382. 
73  Monteyne, P.; Van Antwerpen, M. P.; Sindic, C. J. Acta Neurol. Belg. 1999, 99, 11–20. 
74  Kebrir, H.; Ifergan, I.; Alvarez, J. I.; Bernard, M.; Poirier, J.; Arbour, N.; Duquette, P.; Prat, 

A. Ann. Neurol. 2009, 66, 390–402. 
75  Mellegard, J.; Edstrom, M.; Vrethem, M.; Ernerudh, J.; Dahle, C. Mult. Scler. 2010, 16, 208–

217. 
76  Kebrir, H.; Kreymborg, K.; Ifergan, I.; Dodolet-Devillers, A.; Cayrol, R.; Bernanrd, M.; Giu-

liani, F.; Arbour, N.; Becher, B.; Prat, A. Nat. Med. 2007, 13, 1173–1175. 
77  Tzartos, J. S.; Friese, M. A.; Craner, M. J.; Palace, J.; Newcombe, J.; Esiri, M. M.; Fugger, L. 

Am. J. Pathol. 2008, 172, 146–155. 
78  Lovett-Racke, A. E.; Yang, Y.; Racke, M. K. Biochim. Biophys. Acta 2011, 1812, 246–251. 
79  Panitch, H. S.; Hirsch, R. L.; Haley, A. S.; Johnson, K. P. Lancet 1987, 1, 893–895. 
80  Panitch, H. S.; Hirsch, R. L.; Schindler, J.; Johnson, K. P. Neurology 1987, 37, 1097–1102. 
81  Lublin, F. D.; Knobler, R. L.; Kalman, B.; Goldhaber, M.; Marini, J.; Perrault, M.; D’Imperio, 

C.; Joseph, J.; Alkan, S. S.; Korngold, R. Autoimmunity 1993, 16, 267–274. 
82  Ferber, I. A.; Brocke, S.; Tayor-Edwards, C.; Ridgway, W.; Dinisco, C.; Steinman, L.; Dalton, 

D.; Fathman, C. G. J. Immunol. 1996, 156, 5–7. 
83  Willenborg, D. O.; Fordham, S.; Bernard, C. C.; Cowden, W. B.; Ramshaw, I. A. J. Immunol. 

1996, 157, 3223–3227. 
84  Lindsay, J. W.; Hodgkinson, S.; Mehta, R.; Mitchell, D.; Enzmann, D.; Steinman, L. Ann. 

Neurol. 1994, 36, 183–189. 
85  Fletcher, J. M.; Lalor, S. J.; Sweeney, C. M.; Tubridy, N.; Mills, K. H. Clin. Exp. Immunol. 

2010, 162, 1–11. 
86  Llewellyn-Smith, N.; Lai, M.; Miller, D. H.; Rudge, P.; Thompson, A. J.; Cuzner, M. L. Neu-

rology 1997, 48, 810–816. 
87  Rep, M. H.; van Oosten, B. W.; Roos, M. T.; Ader, H. J.; Polman, C. H.; van Lier, R. A. J. 

Clin. Invest. 1997, 99, 2225–2231. 
88  Van Oosten, B. W.; Lai, M.; Hodgkinson, S.; Barkhof, F.; Miller, D. H.; Moseley, I. F.; 

Thompson, A. J.; Rudge, P.; McDougall, A.; McLeod, J. G.; Ader, H. J.; Polman, C. H. Neu-
rology 1997, 49, 351–357. 



 245 

 
89  Jones, J. L.; Anderson, J. M.; Phuah, C. L.; Fox, E. J.; Selmaj, K.; Margolin, D.; Lake, S. L.; 

Palmer, J.; Thompson, S. J.; Wilkins, A.; Webber, D. J.; Compston, D. A.; Coles, A. J. Brain 
2010, 133, 2232–2247. 

90  Mars, L. T.; Saikali, P.; Liblau, R. S.; Arbour, N. Biochim. Biophys. Acta 2011, 1812, 151–
161. 

91  Hauser, S. L.; Bhan, A. K.; Gilles, F.; Kemp, M.; Kerr, C.; Weiner, H. L. Ann. Neurol. 1986, 
19, 578–587. 

92  Gay, F. W.; Drye, T. J.; Dick, G. W.; Esiri, M. M. Brain 1997, 120, 1461–1483. 
93  Babbe, H.; Roers, A.; Waisman, A.; Lassmann, H.; Goebels, N.; Hohlfeld, R.; Friese, M.; 

Schroder, R.; Deckert, M.; Schmidt, S.; Ravid, R.; Rajewsky, K. J. Exp. Med. 2000, 192, 393–
404. 

94  Neumann, H.; Medana, I. M.; Bauer, J.; Lassmann, H. Trends Neurosci. 2002, 25, 313–319. 
95  Lassmann, H. Brain Pathol. 2004, 14, 43–50. 
96  Junker, A.; Ivanidze, J.; Malotka, J.; Eiglmeier, I.; Lassmann, H.; Wekerle, H.; Meinl, E.; 

Hohlfeld, R.; Dornmair, K. Brain 2007, 130, 2789–2799. 
97  Frischer, J. M.; Bramow, S.; Dal-Bianco, A.; Lucchinetti, C. F.; Rauschka, H.; Schmidbauer, 

M.; Laursen, H.; Sorensen, P. S.; Lassmann, H. Brain 2009, 132, 1175–1189. 
98  Lucchinetti, C. F.; Popescu, B. F.; Bunyan, R. F.; Moll, N. M.; Roemer, S. F.; Lassmann, H.; 

Bruck, W.; Parisi, J. E.; Scheithauer, B. W.; Giannini, C.; Weigand, S. D.; Mandrekar, J.; 
Ransohoff, R. M. N. Engl. J. Med. 2011, 365, 2188–2197. 

99  Fogdell-Hahn, A.; Ligers, A.; Gronning, M.; Hillert, J.; Olerup, O. Tissue Antigens 2000, 55, 
140–148. 

100  Rubio, J. P.; Bahlo, M.; Stankovich, J.; Burfoot, R. K.; Johnson, L. J.; Huxtable, S.; Butzkue-
ven, H., Lin, L.; Raylor, B. V.; Speed, T. P.; Kilpatrick, T. J.; Mignot, E.; Foote, S. J. Immu-
nogenetics 2007, 59, 177–186. 

101  Gobin, S. J.; Montagne, L.; Van Zutphen, M.; Van Der Valk, P.; Van Den Elsen, P. J.; De 
Groot, C. J. Glia 2001, 36, 68–77. 

102  Hoftberger, R.; Aboul-Enein, F.; Brueck, W.; Lucchinetti, C.; Rodriguez, M.; Schmidbauer, 
M.; Jellinger, K.; Lassmann, H. Brain Pathol. 2004, 14, 43–50. 

103  Huber, M.; Heink, S.; Pagenstecher, A.; Reinhard, K.; Ritter, J.; Visekruna, A.; Guralnik, A.; 
Bollig, N.; Jeltsch, K.; Heinemann, C.; Wittmann, E.; Buch, T.; Prazeres da Costa, O.; Brustle, 
A.; Brenner, D.; Mak, T. W.; Mittrucker, H. W.; Tackenberg, B.; Kamradt, T.; Lohoff, M. J. 
Clin. Invest. 2013, 123, 247–260. 

104  Lowther, D. E.; Hafler, D. A. Immunol. Rev. 2012, 248, 156–169. 
105  Kleinewietfeld, M.; Hafler, D. A. Immunol. Rev. 2014, 259, 231–244. 
106  Lu, L.; Kim, H. J.; Werneck, M. B.; Cantor, H. Proc. Natl. Acad. Sci. USA 2008, 105, 19420–

19425. 
107  Olivares-Vollagomez, D.; Wang, Y.; Lafaille, J. J. J. Exp. Med. 1998, 188, 1883–1894. 



 246 

 
108  Kohm, A. P.; Carpentier, P. A.; Anger, H. A.; Miller, S. D. J. Immunol. 2002, 169, 4712–

4716. 
109  McGeachy, M. J.; Stephens, L. A.; Anderton, S. M. J. Immunol. 2005, 175, 3025–3032. 
110  Giunti, D.; Parodi, B.; Cordano, C.; Uccelli, A.; Kerlero de Rosbo, N. Immunology 2014, 141, 

328–339. 
111  Van Noort, J. M.; van der Elsen, P. J.; van Horssen, J.; Geurts, J. J.; van der Valk, P.; Amor, 

S. CNS Neurol. Disord. Drug Targets 2011, 10, 68–81. 
112  Stetka, B. “Researchers Find a Web of Factor Behind Multiple Sclerosis.” NPR (2019). URL: 

https://www.npr.org/sections/health-shots/2019/01/21/684495345/researchers-find-a-web-
of-factors-behind-multiple-sclerosis (accessed: 26 May 2020). 

113  Strachan-Whaley, M.; Rivest, S.; Yong, V. W. J. Interferon Cytokine Res. 2014, 34, 615–622. 
114  Roy, A.; Liu, X.; Pahan, K. J. Biol. Chem. 2007, 282, 32222–32232. 
115  Murphy, A. C.; Lalor, S. J.; Lynch, M. A.; Mills, K. H. Brain Behav. Immun. 2010, 24, 641–

651. 
116  McDonald, W. I.; Compston, A.; Edan, G. et al. Ann. Neurol. 2001, 50, 121–127. 
117  Dhib-Jalbut, S.; Marks, S. Neurology 2010, 74, S17–S24. 
118  Torkildsen, Ø.; Myhr, K.-M.; Bø, L. Eur. J. Neurol. 2015, 23, 18–27. 
119  Jacobs, L. D.; Cookfair, D. L.; Rudick, R. A. et al. Ann. Neurol. 1996, 39, 285–294. 
120  Ebers, G. C. Lancet 1998, 352, 1498–1504. 
121  Calabresi, P. A.; Kieseier, B. C.; Arnold, D. L. et al. Lancet Neurol. 2014, 13, 657–665. 
122  Kappos, L. Lancet 1998, 352, 1491–1497. 
123  Cohen, J. A.; Cutter, G. R.; Fischer, J. S.; Goodman, A. D.; Heidenreich, F: R.; Kooijmans, 

M. F.; Sandrock, A. W.; Rudick, R. A.; Simon, J. H.; Simonian, N. A.; Tsao, E. C.; Whitaker, 
J. N.; IMPACT Investigators Neurology 2002, 59, 679–687. 

124  Panitch, H.; Miller, A.; Paty, D.; Weinshenker, B.; North American Study group of Interferon 
β-1b in Secondary Progressive MS Neurology 2004, 63, 1788–1795. 

125  Leary S. M.; Miller, D. H.; Stevenson, V. L.; Brex, P. A.; Chard, D. T.; Thompson, A. J. 
Neurology 2003, 60, 44–51. 

126  Sørensen, P. S.; Deisenhammer, F.; Duda, P.; Hohlfeld, R.; Myhr, K.-M.; Palace, J.; Polman, 
C.; Pozzilli, C.; Ross, C.; EFNS Task Force on Anti-IFN-β Antibodies in Multiple Sclerosis 
Eur. J. Neurol. 2005, 12, 817–827. 

127  Racke, M. K.; LovettRacke A. E.; Karandikar, N. J. Neurology 2010, 74, S2530. 
128  Comi, G.; Filippi, M.; Wolinsky, J. S. Ann. Neurol. 2001, 49, 290–297. 
129  Comi, G.; Martinelli, V.; Rodegher, M. et al. Lancet 2009, 374, 150311. 
130  Wolinsky, J. S.; Narayana, P. A.; O’Connor, P. et al. Ann. Neurol. 2007, 61, 14–24. 
131  Papadopoulou, A.; Kappos, L.; Sprenger, T. Expert. Rev. Clin. Pharmacol. 2012, 5, 617–628. 



 247 

 
132  Miller, A. E.; Wolinsky, J. S.; Kappos, L. et al. Lancet Neurol. 2014, 13, 977–986. 
133  O’Connor, P.; Wolinsky, J. S.; Confavreux, C.; Comi, G.; Kappos, L.; Olsson, T. P.; Ben-

zerdjeb, H.; Truffinet, P.; Wang, L.; Miller, A. E.; Freedman, M. S.; Frederiksen, J. N. Engl. 
J. Med. 2011, 365, 1293–1303. 

134  Confavreux, C.; O’Connor, P.; Comi, G.; Freedman, M. S.; Miller, A. E.; Olsson, T. P.; 
Wolinsky, J. S.; Bagulho, T.; Delhay, J.-L.; Dukovic, D.; Truffinet, P.; Kappos, L.; TOWER 
Trial Group Lancet Neurol. 2014, 13, 247–256. 

135  Linker, R. A.; Gold, R. Curr. Neurol. Neurosci. Rep. 2013, 13, 394. 
136  Fox, R. J.; Miller, D. H.; Phillips, J. T.; Hutchinson, M.; Havrdova, E.; Kita, M.; Yang, M.; 

Raghupathi, K.; Novas, M.; Sweetser, M. T.; Viglietta, V.; Dawson, K. T.; CONFIRM Study 
Investogators N. Engl. J. Med. 2012, 367, 1087–1097. 

137  Gold, R.; Kappos, L.; Arnold, D. L.; Bar-Or, A.; Giovannoni, G.; Selmaj, K.; Tornatore, C.; 
Sweetser, M. T.; Yang, M.; Sheikh, S. I.; Dawson, K. T.; DEFINE Study Investigators N. 
Engl. J. Med. 2012, 367, 1098–1107. 

138  Polman, C. H.; O’Connor, P. W.; Havrdova, E.; Hutchinson, M.; Kappos, L.; Miller, D. H.; 
Phillips, J. T.; Lublin, F. D.; Giovannoni, G.; Wajgt, A.; Toal, M.; Lynn, F.; Panzara, M. A.; 
Sandrock, A. W.; AFFIRM Investigators N. Engl. J. Med. 2006, 354, 899–910. 

139  Rudick, R. A.; Stuart, W. H.; Calabresi, P. A.; Confavreux, C.; Galetta, S. L.; Radue, E.-W.; 
Lublin, F. D.; Weinstock-Guttman, B.; Wynn, D. R.; Lynn, F.; Panzara, M. A.; Sandrock, A. 
W.; SENTINEL Investigators N. Engl. J. Med. 2006, 354, 911–923. 

140  Clifford, D. B.; De Luca, A.; Simpson, D. M.; Arendt, G.; Giovannoni, G.; Nath, A. Lancet 
Neurol. 2010, 9, 438–446. 

141  Brown, J. W.; Coles, A. J. Drug Des. Devel. Ther. 2013, 7, 131–138. 
142  Cohen, J. A.; Coles, A. J.; Arnold, D. L.; Confavreux, C.; Fox, E. J.; Hartung, H.-P.; Havr-

dova, E.; Selmaj, K. W.; Weiner, H. L.; Fisher, E.; Brinar, V. V.; Giovannoni, G.; Stojanovic, 
M.; Ertik, B. I.; Lake, S. L.; Margolin, D. H.; Panzara, M. A.; Compston, D. A. S.; CARE-
MS I Investigators Lancet 2012, 380, 1819–1828. 

143  Cohen, A. J.; Twyman, C. L.; Arnold, D. L.; Cohen, J. A.; Confavreux, C.; Fox, E. J.; Hartung, 
H.-P.; Havrdova, E.; Selmaj, K. W.; Weiner, H. L.; Miller, T.; Fisher, E.; Sandbrick, R.; Lake, 
S. L.; Margolin, D. H.; Oyuela, P.; Panzara, M. A.; Compston, D. A. S.; CARE-MS II Inves-
tigators Lancet 2012, 380, 1829–39. 

144  Paolillo, A.; Coles, A. J.; Molyneux, P. D.; Gawne-Cain, M.; MacManus, D.; Barker, G. J.; 
Compston, D. A. S., Miller, D. H. Neurology 1999, 53, 751–757. 

145  Tuohy, O.; Costelloe, L.; Hill-Cawthorne, G.; Bjornson, I.; Harding, K.; Robertson, N.; May, 
K.; Button, T.; Azzopardi, L.; Kousin-Ezewu, O.; Fahey, M. T.; Jones, J.; Compston, D. A. 
S.; Coles, A. J. Neurol. Neurosurg. Psychiatry 2015, 86, 208–215. 

146  Millefiorini, E.; Gasperini, C.; Pozzilli, C.; D’Andrea, D.; Bastianello, S.; Trojano, M.; Mo-
rino, S.; Morra, V. B.; Bozzao, A.; Calo, A.; Bernini, M. L.; Gambi, D.; Prencipe, M. J. Neu-
rol. 1997, 244, 153–159. 



 248 

 
147  Martinelli, V.; Radaelli, M.; Straffi, L.; Rodegher, M.; Comi, G. Neurol. Sci. 2009, 30, S167–

S170. 
148  Hartung, H.-P.; Gonsette, R.; König, N. et al. Lancet 2002, 360, 2018–2025. 
149  Kappos, L.; Radue, E.-W.; O’Connor, P.; Polman, C.; Hohlfeld, R.; Calabresi, P.; Selmaj, K.; 

Agoropoulou, C.; Leyk, M.; Zhang-Auberson, L.; Burtin, P.; FREEDOMS Study Group N. 
Engl. J. Med. 2010, 362, 387–401. 

150  Gilenya® (fingolimod), prescribing information. East Hanover, N.J.: Novartis (2011). URL: 
www.pharma.us.novartis.com/product/pi/pdf/gilenya.pdf (accessed: 16 April 2020). 

151  Cohen, J. A.; Barkhof, F.; Comi, G. et al. N. Eng. J. Med. 2010, 362, 402–415. 
152  Khatri, B.; Barkhof, F.; Comi, G.; Hartung, H. P.; Kappos, L.; Montalban, X.; Pelletier, J.; 

Stites, T.; Wu, S.; Holdbrook, F.; Zhang-Auberson, L.; Francis, G.; Cohen, J. A. Lancet Neu-
rol. 2011, 10, 520–529. 

153  Kappos, L.; Radue, E. W.; O’Connor, P.; Polman, C.; Hohlfeld, R.; Calabresi, P.; Selmaj, K.; 
Agoropoulou, C.; Leyk, M.; Zhang-Auberson, L.; Burtin, P. N. Eng. J. Med. 2010, 362, 387–
401. 

154  Calabresi, P. A.; Radue, E.-W.; Goodin, D.; Jeffrey, D.; Rammohan, K. W.; Reder, A. T.; 
Vollmer, T.; Agius, M. A.; Kappos, L.; Stites, T.; Li, B.; Cappiello, L.; von Rosenstiel, P.; 
Lublin, F. D. Lancet Neurol. 2014, 13, 545–556. 

155  Cohen, J. A.; Barkhof, F.; Comi, G.; Hartung, H.-P.; Khatri, B. O.; Mantalban, X.; Pelletier, 
J.; Capra, R.; Gallo, P.; Izquierdo, G.; Tiel-Wilck, K.; de Vera, A.; Jin, J.; Stites, T.; Wu, S.; 
Aradhye, S.; Kappos, L.; TRANSFORMS Study Group N. Engl. J. Med. 2010, 362, 402–415. 

156  FDA: “FDA warns about severe worsening of multiple sclerosis after stopping the medicine 
Gilenya (fingolimod).” (2018). URL: https://www.fda.gov/drugs/drug-safety-and-availabil-
ity/fda-warns-about-severe-worsening-multiple-sclerosis-after-stopping-medicine-gilenya-
fingolimod (accessed: 27 April 2020). 

157  Marketos, S. G.; Ballas, C. N. J. Asthma 1982, 19, 263–269. 
158  Osler, W. “Bronchial Asthma” in: The Principles and Practice of Medicine, 1st Ed. New 

York, NY: Appleton and Company, 1892, 497–501. 
159  Huber, H.; Koesser, K. Arch. Int. Med. Exp. 1922, 30, 689–760. 
160  Holgate, S. T.; Wenzel, S.; Postma, D. S.; Weiss, S. T.; Renz, H.; Sly, P. D. Nat. Rev. Dis. 

Prim. 2015, 1, 1–22. 
161  Public Health Agency of Canada: “Life and breath: Respiratory disease in Canada.” Ottawa, 

Ontario (2007). URL: http://www.phac-aspc.gc.ca/publi cat/2007/lbrdc-vsmrc/index-
eng.php. (accessed: 13 May 2020). 

162  Bousquet, J.; Clark, T. J.; Hurd, S.; Khaltaev, N.; Lenfant, C.; O’Byrne, P. et al. Allergy 2007, 
62, 102–112. 

163  Centers for Disease Control. Vital signs: asthma prevalence, disease characteristics, and self-
management education: United States, 2001–2009. MMWR Morb Mortal Wkly. Rep. 2011, 
60, 547–452. 



 249 

 
164  Nurmagambetow, T.; Kuwahara, R.; Garbe, P. Ann. Am. Thor. Soc. 2018. DOI: 10.1513/An-

nalsATS.201703-259OC 
165  Akinbami, L. J.; Sullivan, S. D.; Campbell, J. D.; Grundmeier, R. W.; Hartert, T. V.; Lee, T. 

A.; Smith, R. A. J. Allergy Clin. Immunol. 2012, 129, S49–S64. 
166  Zeiger, R. S.; Hay, J. W.; Contreras, R.; Chen, W.; Quinn, V. P.; Seal, B.; Schatz, M. J. Allergy 

Clin. Immunol. 2008, 121, 885–892. 
167  Akinbami, L. J.; Moorman, J. E.; Garbe, P. L.; Sondik, E. J. Pediatrics 2009, 123, S131–

S145. 
168  Masoli, M.; Fabian, D.; Holt, S.; Beasley, R.; Global Initiative for Asthma (GINA) Program 

Allergy 2004, 59, 469–478. 
169  Flores, G. Pediatrics 2010, 125, e979–e1020. 
170  Velsor-Friedrich, B.; Militello, L. K.; Kouba, J.; Harrison, P. R.; Manion, A.; Doumit, R. 

Nurs. Clin. North Am. 2013, 48, 259–270. 
171  Manion, A. B. Nurs. Clin. North Am. 2013, 48, 151–158. 
172  American Lung Association, Trends in Asthma Morbidity and Mortality, 2012. 
173  Bourdin, A.; Gras, D.; Vachier, I.; Chanez, P. Thorax. 2009, 64, 999–1004. 
174  Ford, E. S.; Mannino, D. M. J. Asthma Off. J. Assoc. Care Asthma 2005, 42, 91–95. 
175  Pradeepan, S.; Garrison, G.; Dixon, A. E. Curr. Allergy Asthma Rep. 2013, 13, 434–442. 
176  Kudo, M.; Ishigatsubo, Y.; Aoki, I. Front. Mircobiol. 2013, 4, 263. 
177  Quirt, J.; Hildebrand, K. J.; Mazza, J.; Noya, F.; Kim, H. Allergy Asthma Clin. Immunol. 2018, 

14, 50. DOI: 10.1186/s13223-018-0279-0 
178  Logheed, M. D.; Lemière, C.; Dell, S. D.; Ducharme, F M.; Fitzgerald, J. M.; Leigh, R.; Lics-

kai, C.; Rowe, B. H.; Bowie, D.; Becker, A.; Boulet, L. P. Can. Respir. J. 2010, 17, 15–24. 
179  Kaplan, A. G.; Balter, M. S.; Bell, A. D.; Kim, H.; Mclvor, R. A. Can. Med. Assoc. J. 2009, 

181, E210–E220. 
180  Hirose, M. J. Gen. Fam. Med. 2017, 18, 189–194. 
181  Stein, R. T.; Martinez, F. D. Paediatr. Respir. Rev. 2004, 5, 155–161. 
182  Moore, W. C.; Meyers, D. A.; Wenzel, S. E.; Teague, W. G.; Li, H.; D’Agostino, R. Jr.; Cas-

tro, M.; Curran-Everett, D.; Fitzpatrick, A. M.; Gaston, B.; Jarjour, N. N.; Sorkness, R.; Cal-
houn, W. J.; Chung, K. F.; Comhair, S. A.; Dweik, R. A.; Israel, E.; Peters, S. P.; Busse, W. 
W.; Erzurum, S. C.; Bleecker, E. R. Am. J. Respir. Crit. Care Med. 2010, 181, 315–323. 

183  Haldar, P. H.; Pavord, I. D.; Shaw, D. E.; Berry, M. A.; Thomas, M.; Brightling, C. E.; Ward-
law, A. J.; Green, R. H. Am. J. Respir. Crit. Care Med. 2008, 178, 218–224. 

184  Bullen, S. S. J. Allergy Clin. Immunol. 1952, 23, 193–203. 
185  Bahadori, K.; Doyle-Waters, M. J.; Marra, C.; Lynd, L.; Alasay, K.; Swiston, J.; Fitzgerald, 

J. M. BMC Pulm. Med. 2009, 9, 1–16. 
186  Unger, L. South. Med. J. 1945, 38, 513–522. 



 250 

 
187  Dunnill, M. S. J. Clin. Pathol. 1960, 13, 27–33. 
188  Messer, J.; Peters, G. A.; Bennet, W. A. Dis. Chest 1960, 38, 616–624. 
189  Carroll, N.; Cooke, C.; James, A. Eur. Respir. J. 1997, 10, 292–300. 
190  Roche, W. R.; Beasley, R.; Williams, J. H.; Holgate, S. T. Lancet 1989, 1, 520–524. 
191  Kim, H. Y.; DeKruyff, R. H.; Umetsu, D. T. Nat. Immunol. 2010, 11, 577–584. 
192  Lemanske, R. F.; Busse, W. W. J. Allergy Clin. Immunol. 2010, 125, S95–S102. 
193  Sur, S.; Crotty, T. B.; Kephart, G. M.; Hyme, B. A.; Colby, T. V.; Reed, C. E. et al. Am. J. 

Respir. Crit. Care Med. 1993, 148, 713–719. 
194  Bai, T. R.; Vonk, J. M.; Postma, D. S.; Boezen, H. M. Eur. Respir. J. 2007, 30, 452–456. 
195  Mohanan, S.; Tapp, H.; McWilliams, A.; Dulin, M. Exp. Biol. Med. 2014, 239, 1531–1540. 
196  Orihara, K.; Dil, N.; Anaparti, V.; Moqbel, R. Expert Rev. Respir. Med. 2010, 4, 605–629. 
197  Lee, C. G.; Kang, H. R.; Homer, R. J.; Chupp, G.; Elias, J. A. Proc. Am. Thorac. Soc. 2006, 

3, 418–423. 
198  Bateman, E. D.; Hurd, S. S.; Barnes, P. J. et al. Eur. Respir. J. 2008, 31, 143–178. 
199  Irwin, R. S.; Richardson, N. D. Chest 2006, 130, 41S–53S. 
200  Matera, M. G.; Curradi, G.; Cazzola, M. Expert Opin. Pharmacother. 2008, 9, 1531–1539. 
201  Lipworth, B. J. J. Allergy Clin. Immunol. 2007, 120, 725. 
202  Rodrigo, G. J. Evid. Based Med. 2010, 15, 37–38. 
203  Beasley, R.; Wijesinghe, M.; Weatherall, M. Am. J. Respir. Crit. Care Med. 2009, 180, 581. 
204  Balzar, S.; Strand, M.; Rhodes, D.; Wenzel, S. E. J. Allergy Clin. Immunol. 2007, 119, 855–

862. 
205  Muh, H. C.; Tong, J. C.; Tammi, M. T. PLoS One 2009, 4, e5861. 
206  Hogate, S.; Smith, N.; Massanari, M.; Jimenez, P. Allergy 2009, 64, 1728–1736. 
207  Gruenberg, D.; Busse, W. Curr. Opin. Pulm. Med. 2010, 16, 19–24. 
208  Holgate, S. T.; Holloway, J.; Wilson, S. et al. J. Allergy Clin. Immunol. 2006, 117, 496–506. 
209  MacGlashan, D. J. Allergy Clin. Immunol. 2004, 114, 1472–1474. 
210  Ashbaugh D. G.; Bigelow, D. B.; Petty, T. L.; Levine, B. E. Lancet 1967, 2, 319–323. 
211  Murray, J. F.; Matthay, M. A.; Luce, J. M.; Flick, M. R. Am. Rev. Respir. Dis. 1988, 138, 

720–723. 
212  Tsushima, K.; King, L. S.; Aggarwal, N. R.; Gorordo, A. D.; D’Alessio, F. R.; Kubo, K. Inter. 

Med. 2009, 48, 621–630. 
213  Abraham, E.; Matthay, M. A.; Dinarello, C. A. et al. Crit. Care Med. 2000, 28, 232–235. 
214  Ranieri, V. M.; Rubenfeld, G. D. et al. JAMA 2012, 307, 2526–2533. 
215  Butt, Y.; Kurdowska, A.; Allen, T. C. Arch Pathol. Lab. Med. 2016, 140, 345–350. 



 251 

 
216  Zilberberg, M. D.; Eptein, S. K. Am. J. Respir. Crit. Care Med. 1998, 157, 1159–1164. 
217  Rojo de la Vega, M.; Dodson, M.; Gross, C.; Mansour, H. M.; Lantz, R. C.; Chapman, E.; 

Wang, T.; Black, S. M.; Garcia, J. G. N.; Zhang, D. D. Curr. Pharmacol. Rep. 2016, 2, 91–
101. 

218  Garcia, J. G. N. Proc. Am. Thorac. Soc. 2011, 8, 167–172. 
219  Walkey, A. J.; Summer, R.; Ho, V.; Alkana, P. Clin. Epidemiol. 2012, 4, 159–169. 
220  Herridge, M. S.; Tansey, C. M.; Matte, A.; Tomlinson, G.; Diay-Granados, N.; Cooper, A. et 

al. N. Engl. J. Med. 2011, 364, 1293–1304. 
221  Mamary, A. J.; Kondapaneni, S.; Vance, G. B.; Gaughan, J. P.; Martin, U. J.; Criner, G. J. 

Clin. Med. Insights Circ. Prespir. Pulm. Med. 2011, 5, 17–26. 
222  Abel, J. S. C.; Finney, S. J.; Brett, S. J.; Keogh, B. F.; Morgan, C. J.; Evans, T. W. Thorax. 

1998, 53, 292–294. 
223  Milberg, J. A.; Davis, D. R.; Steinberg, K. P.; Hudson, L. D. JAMA 1995, 273, 306–309. 
224  Phua, J.; Badia, J. R.; Adhikari, N. K. et al. Am. J. Respir. Crit. Care Med. 2009, 179, 220–

227. 
225  Bernanrd, K.; Hecker, L.; Luckhardt, T. R.; Cheng, G.; Thannickal, V. J. Antioxid. Redox 

Signal. 2014, 20, 2838–2853. 
226  Brune, B.; Dehne, N.; Grossmann, N.; Jung, M.; Mangaladze, D.; Schmid, T. et al. Antioxid. 

Redox Signal. 2013, 19, 595–637. 
227  Reddy, N. M.; Suryanarayana, V.; Kalvakolanu, D. V.; Yamamoto, M.; Kensler, T. W.; 

Hassoun, P. M. et al. J. Immunol. 2009, 183, 4601–4608. 
228  Warabi, E.; Takabe, W.; Minami, T.; Inoue, K.; Itoh, K.; Yamamoto, M. et al. Free Radic. 

Biol. Med. 2007, 42, 260–269. 
229  Beasley, M. B. Arch. Pathol. Lab. Med. 2010, 134, 719–727. 
230  Williams, A. E.; Chambers, R. C. Am. J. Physiol. Lung Cell. Mol. Physiol. 2014, 306, L217–

L230. 
231  Matthay, M. A.; Ware, L. B.; Zimmerman, G. A. J. Clin. Investig. 2012, 122, 2731–2740. 
232  Katzenstein A. L. Acute lung injury patterns: diffuse alveolar damage and bronchiolitis oblit-

erans organizing pneumonia. In: Katzenstein and Askin’s Surgical Pathology of Non-Neo-
plastic Lung Disease. 4th Ed. Philadelphia, PA: Saunders Elsevier, 2006, 17–50. 

233  Katzenstein, A. L.; Myers, J. L.; Mazur, M. T. Am. J. Surg. Pathol. 1986, 10, 256–267. 
234  Katzenstein, A. L.; Askin, F., eds. Katzenstein and Askin’s Surgical Pathology of Non-Neo-

plastic Lung Disease. 3rd Ed. Philadelphia, PA: Saunders, 1997. 
235  Leissinger, M.; Kulkarni, R.; Zemans, R. L.; Downey, G. P.; Jeyaseelan, S. Am. J. Respir. 

Crit. Care Med. 2014, 189, 1461–1468. 
236  Takeuchi, O.; Akira, S. Cell. 2010, 140, 805–820. 
237  Simmons, J. D.; Lee, Y. L.; Mulekar, S. et al. Ann. Surg. 2013, 258, 591–596. 



 252 

 
238  Sun, S.; Sursal, T.; Adibnia, Y. et al. PLoS One 2013, 8, e59989. 
239  Zompatori, M.; Ciccarese, F.; Fasano, L. Eur. Respir. Rev. 2014, 23, 519–530. 
240  Ichikado, M. Semin. Ultrasound CT MR. 2014, 35, 39–46. 
241  Ware, L. B.; Matthay, M. A. N. Engl. J. Med. 2000, 342, 1334–1349. 
242  Wright, B. J. Emerg. Med. Clin. North Am. 2014, 32, 871–887. 
243  Slutsky, A. S. Respir. Care. 2005, 50, 646–659. 
244  Matthay, M. A.; Folkesson, H. G.; Verkman, A. S. Am. J. Physiol. 1996, 270, L487–L503. 
245  Dobbs, L. G.; Gonzalez, R.; Matthay, M. A. et al. Proc. Natl. Acad. Sci. USA 1998, 95, 2991–

2996. 
246  Folkesson, H. G.; Matthay, M. A.; Westrom, B. R. et al. J. Appl. Physiol. 1996, 80, 1431–

1435. 
247  Abraham, E. Crit. Care Med. 2003, 31, S195–S199. 
248  Amato, M. B. P.; Barbas, C. S. V.; Medeiros, D. M. et al. N. Engl. J. Med. 1998, 338, 347–

354. 
249  Chrousor, G. P. N. Engl. J. Med. 1995, 332, 1351–1362. 
250  Meduri, G. U.; Healey, S.; Golded, E. et al. JAMA 1998, 280, 159–165. 
251  Meduri, G. U.; Golden, E.; Freire, A. X. et al. Chest. 2007, 131, 954–963. 
252  Wilson, M. R.; Takata, M. Anaesthesia. 2013, 68, 175–178. 
253  Garcia, J. G. N.; Lazar, V.; Gilbert-McClain, L. I.; Gallagher, P. J.; Verin, A. D. Am. J. Respir. 

Cell. Mol. Biol. 1997, 16, 489–494. 
254  Petrache, I.; Verin, A. D.; Crow, M. T.; Birukova, A.; Liu, F.; Garcia, J. G. N. Am. J. Physiol. 

Lung Cell. Mol. Physiol. 2001, 280, L1168–L1178. 
255  Gao, L.; Grant, A.; Halder, I.; Brower, R.; Sevransky, J.; Maloney, J. P.; Moss, M.; Shanholtz, 

C.; Yates, C. R.; Meduri, G. U. et al. Am. J. Respir. Cell. Mol. Biol. 2006, 34, 487–495. 
256  Garcia, J. G. N.; Moreno Vinasco, L. Am. J. Physiol. Lung Cell. Mol. Physiol. 2006, 291, 

L1113–L1117. 
257  Flores, C.; Ma, S. F.; Maresso, K.; Ober, C.; Garcia, J. G. N. Genet. Epidemiol. 2007, 31, 

296–305. 
258  Garcia, J. G. N.; Liu, F.; Verin, A. D.; Birukova, A.; Dechert, M. A.; Gerthoffer, W. T. Bam-

burg, J. R.; English, D. J. Clin. Invest. 2001, 108, 689–701. 
259  McVerry, B. J.; Peng, X.; Hassoun, P. M.; Sammani, S.; Simon, B. A.; Garcia, J. G. N. Am. 

J. Respir. Crit. Care Med. 2004, 170, 987–993. 
260  Sammani, S.; Camp, S. M.; Natarajan, V.; Dudek, S. M.; Garcia, J. G. N. Am. J. Respir. Cell. 

Mol. Biol. 2010, 43, 394–402. 
261  Finigan, J. H.; Dudek, S. M.; Singleton, P. A.; Chiang, E. T.; Jacobson, J. R.; Camp, S. M.; 

Ye, S. Q.; Garcia, J. G. N. J. Biol. Chem. 2005, 280, 17286–17293. 



 253 

 
262  Singleton, P. A.; Dudek, S. M.; Ma, S. F.; Garcia, J. G. N. J. Biol. Chem. 2006, 281, 34381–

34393. 
263  Spiegel, S.; English, D.; Milstien, S. Trends in Cell Biol. 2002, 12, 236–242. 
264  Thudichum, J. L. W. A Treatise on the Chemical Constitution of the Brain, Bailliere and Cox, 

1884. 
265  Klenk, E; Diebold, W. Z. Physiol. Chem. 1931, 198, 25–32. 
266  Carter, H. E.; Glick, F. J.; Norris, W. P.; Phillips, G. E. J. Biol. Chem. 1942, 142, 449–450. 
267  Merrill, A. H.; Schmelz, E.-M.; Dillehay, D. L.; Spiegel, S.; Shayman, J. A.; Schroeder, J. J.; 

Riley, R. T.; Voss, K. A.; Wang, E. Toxicol. Appl. Pharmacol. 1997, 142, 208–225. 
268  Hannun, Y. A.; Obeid, L. M. Nature Rev. Mol. Cell Biol. 2008, 9, 139–150. 
269  Futerman, A. H.; Stieger, B.; Hubbard, A. L.; Pagano, R. E. J. Biol. Chem. 1990, 265, 8650–

8657. 
270  Merrill, A. H. Jr. J. Biol. Chem. 2002, 277, 25843–25846. 
271  Uhlig, S.; Gulbins, E. Am. J. Respir. Crit. Care Med. 2008, 178, 1100–1114. 
272  Michel, C.; van Echten-Deckert, G. FEBS Lett. 1997, 416, 153–155. 
273  Gault, C. R.; Obeid, L. M.; Hannun, Y. A. Adv. Exp. Med. Biol. 2010, 688, 1–23. 
274  Yu, R. K.; Tsai, Y.-T.; Ariga, T.; Yanagisawa J. Oleo. Sci. 2011, 60, 537–544. 
275  Stults, C. L.; Sweeley, C. C.; Macher, B. A. Methods Enzymol. 1989, 179, 167–214. 
276  Schneider, J. S.; Aras, R.; Williams, C. K.; Koprich, J. B.; Brotchie, J. M.; Singh, V. Nature 

Sci. Rep. 2019, 9, 8362. doi: 10-1038/s41598-019-42847-x 
277  Yu, R. K.; Tsai, Y.-T.; Ariga, T.; Yanagisawa, M. J. Oleo. Sci. 2011, 60, 537–544. 
278  Yu, R. K.; Yanagisawa, M.; Ariga, T. Glycosphingolipid structures. In: Kamerling, JP., Edi-

tor. Comprehensive Glycoscience. Oxford, UK: Elsevier, 2007, 73–122.  
279  Yu, R. K.; Nakatani, Y.; Yanagisawa, M. J. Lipid Res. 2009, 50, S440–S445. 
280  Klenk, E. Ber. Ges. Physiol. 1937, 96, 659–660. 
281  Klenk, E. Hoppe Zeyler’s Z. Physiol. Chem. 1939, 262, 128–143. 
282  Sandhoff, K.; Harzer, K. J. Neurosci. 2013, 33, 10195–10208. 
283  Proia, R. I. Nat. Genet. 2004, 36, 1147–1148. 
284  Martinez, Z.; Zhu, M.; Han, S.; Fink, A. L. Biochemistry 2007, 46, 1868–1877. 
285  Hakomori, S.; Igarashi, Y. Adv. Lipid Res. 1993, 25, 147–162. 
286  Ladeen, R. W.; Wu, G. Neurochem. Res. 2002, 27, 637–647. 
287  Schengrund, C. L. Trends Biochem. Sci. 2015, 40, 397–406. 
288  Wie, J. et al. Am. J. Pathol. 2009, 174, 1891–1909. 
289  Ledeem, R. W.; Wu., G. J. Lipid Res. 2008, 49, 1176–1186. 



 254 

 
290  Anderson, R. G. Annu. Rev. Biochem. 1998, 67, 199–225. 
291  Simons, K.; Toomre, D. Nat. Rev. Mol. Cell Biol. 2000, 1, 31–39. 
292  Hakomori, S.; Handa, K.; Iwabuchi, K.; Yamamura, S.; Prinetti, A. Glycobiology 1998, 8, xi–

xix. 
293  Maccioni, H. J. J. Neurochem. 2007, 103, 81–90. 
294  Yoshikawa, M.; Go, S.; Takasaki, K.; Kakazu, Y.; Ohashi, M.; Nagafuku, M.; Kabayama, K.; 

Sekimoto, J.; Suzuki, S.; Takaiwa, K.; Kimitsuki, T.; Matsumoto, N.; Komune, S.; Kamei, 
D.; Saito, M.; Fujiwara, M.; Iwasaki, K.; Inokuchi, J. Proc. Natl. Acad. Sci. USA 2009, 106, 
9483–9488. 

295  Niimi, K.; Nishioka, C.; Miyamoto, T.; Takahashi, E.; Miyoshi, I.; Itakura, C.; Yamashita, T. 
Biochem. Biophys. Res. Commun. 2011, 406, 524–528. 

296  Okada, M.; Itoh, M. M.; Haraguchi, M.; Okajima, T.; Inoue, M.; Oishi, H.; Matsuda, Y.; Iwa-
moto, T.; Kawano, T.; Fukumoto, S.; Miyazaki, H.; Furukawa, K.; Aizawa, S. J. Biol. Chem. 
2002, 277, 1633–1636. 

297  Takamiya, K.; Yamamoto, A.; Furukawa, K.; Yamashiro, S.; Shin, M.; Okada, M.; Fukumoto, 
S.; Haraguchi, M.; Takeda, N.; Fujimura, K.; Sakae, M.; Kishikawa, M.; Shiku, H.; Aizawa, 
S. Proc. Natl. Acad. Sci. USA 1996, 93, 10662–10667. 

298  Chiavegatto, S.; Sun, J.; Nelson, R. J.; Schnaar, R. L. Exp. Neurol. 2000, 166, 227–234. 
299  Sheikh, K. A.; Sun, J.; Liu, Y.; Kawai, H.; Crawford, T. O.; Proia, R. L.; Griffin, J. W.; 

Schnaar, R. L. Proc. Natl. Acad. Sci. USA 1999, 96, 7532–7537. 
300  Sugiura, Y.; Furukawa, K.; Tajima, O.; Mii, S.; Honda, T. Neuroscience 2005, 135, 1167– 

1178. 
301  Tajima, O.; Egashira, N.; Ohmi, Y.; Fukue, Y.; Mishima, K.; Iwasaki, K.; Fujiwara, M.; In-

okuchi, J.; Sugiura, Y.; Furukawa, K. Behav. Brain Res. 2009, 198, 74–82. 
302  Tajima, O.; Egashira, N.; Ohmi, Y.; Fukue, Y.; Mishima, K.; Iwasaki, K.; Fujiwara, M.; 

Sugiura, Y.; Furukawa, K. Behav. Brain Res. 2010, 206, 101–108. 
303  Ohmi, Y.; Tajima, O.; Ohkawa, Y.; Yamauchi, Y.; Sugiura, Y.; Furukawa, K. J. Neurochem. 

2011, 116, 926–935. 
304  Ohmi, Y.; Tajima, O.; Ohkawa, Y.; Mori, A.; Sugiura, Y.; Furukawa, K. Proc. Natl. Acad. 

Sci. USA 2009, 106, 22405–22410. 
305  Kawai, H.; Allende, M. L.; Wada, R.; Kono, M.; Sango, K.; Deng, C.; Miyakawa, T.; Craw-

ley, J. N.; Werth, N.; Bierfreund, U.; Sandhoff, K.; Proia, R. L. J. Biol. Chem. 2001, 276, 
6885–6888. 

306  Yamashita, T.; Wu, Y. P.; Sandhoff, R.; Werth, N.; Mizukami, H.; Ellis, J. M.; Dupree, J. L.; 
Geyer, R.; Sandhoff, K.; Proia, R. L. Proc. Natl. Acad. Sci. USA 2005, 102, 2725–2730. 

307  Schneider, J. S. PLoS One 2018, 13, e0199180. doi: 10.1371/jounral.pone.0199189 
308  Seyfried, T. N. et al. ASN Neuro. 2018, 10, 1759091418781889. doi: 

10.1177/1759091418781889 



 255 

 
309  Wu, G.; Lu, Z.-H.; Kulkarni, N.; Ledeen, R. W. J. Neurosci. Res. 2012, 90, 1997–2008. 
310  Hadaczek, P. et al. Experiment. Neur. 2015, 263, 177–189. 
311  Kaida, K.; Ariga, T.; Yu, R. K. Glycobiology 2009, 19, 676–692. 
312  Suzuki, Y. Biol. Pharm. Bull. 2005, 28, 399–408. 
313  Bernardo, A.; Harrison, F. E.; McCord, M.; Zhao, J.; Bruchery, A.; Davies, S. S.; Roberts. L. 

J. 2nd, Mathews, P. M.; Matsuoka, Y.; Ariga, T.; Yu, R. K.; Thompson, R.; McDonald, M. P. 
Neurobiol. Aging 2009, 30, 1777–1791. 

314  Ariga, T.; Yanagisawa, M.; Wakade, C.; Ando, S.; Buccafusco, J. J.; McDonald, M.; Yu, R. 
K. ASN Neuro. 2010, 2, e00044. doi: 10.1042/AN20100021 

315  Calhoun, W. I.; Shipley, G. G. Biochim. Biophys. Acta 1979, 555, 436–441. 
316  Hannun, Y. A.; Obeid, L. M. Nat. Rev. Mol. Cell. Biol. 2008, 9, 139–150. 
317  Kleger, A.; Liebau, S.; Lin, Q.; von Wiechert, G.; Seufferlein, T. Stem Cells Int. 2011, 

2011:916180. 
318  Shaul, P. W.; Anderson, R. G. Am. J. Physiol. 1998, 275, L843–L851. 
319  Kolesnick, R. N. Prog. Lipid Res. 1991, 30, 1–38. 
320  Tafesse, F. G.; Ternes, P.; Holthuis, J. C. J. Biol. Chem. 2006, 281, 29421–29425. 
321  Verkleij, A. J.; Zwaal, R. F.; Roelofsen, B.; Comfurius, P.; Kastelijn, D., van Deenen, L. L. 

Biochim. Biophys. Acta 1973, 323, 178–193. 
322  Slotte, J. P., Ramstedt, B. Eur. J. Lipid Sci. Technol. 2007, 109, 977–981. 
323  Simons, K.; Ikonen, E. Nature 1997, 387, 569–572. 
324  Li, Z.; Hailemariam, T. K.; Zhou, H.; Li, Y.; Duckworth, D. C. et al. Biochim. Biophys. Acta 

2007, 1771, 1186–1194. 
325  Futerman, A. H.; Hannun, Y. A. EMBO Rep. 2004, 5, 777–782. 
326  Holthuis, J. C.; van Meer, G.; Huitema, K. Mol. Membr. Biol. 2003, 20, 231–241. 
327  Simons, K.; Toomre, D. Nat. Rev. Mol. Cell. Biol. 2000, 1, 31–39. 
328  Brown, D. A.; London, E. J. Biol. Chem. 2000, 275, 17221–17224. 
329  Campelo, F.; van Galen, J.; Turacchio, G.; Parashuraman, S.; Kozlov, M. M.; García-Parajo, 

M. F.; Malhotra, V. eLife 2017, 6, e24603. doi: 10.7554/eLife.24603 
330  Avota, E.; de Lira, M. N.; Schneider-Schaulies, S. Front. Cell Dev. Biol. 2019, 7, 152. 
331  Niu, S. L.; Litman, B. J. Biophys. J. 2002, 83, 3408–3415. 
332  Bittman, R. Subcell. Biochem. 1997, 28, 145–171. 
333  Ramstedt, B.; Slotte, J. P. Biophys. J. 1999, 76, 908–915. 
334  Ramstedt, B.; Slotte, J. P. FEBS Lett. 2002, 531, 33–37. 
335  Slotte, J. P. Subcell. Biochem. 1997, 28, 277–293. 
336  Kan, C. C.; Ruan, Z. S.; Bittman, R. Biochemistry 1991, 30, 7759–7766. 



 256 

 
337  Wolf, C.; Koumanov, K.; Tenchov, B.; Quinn, P. J. Biochys. Chem. 2001, 89, 163–172. 
338  Schroeder, R.; London, E.; Brown, D. Proc. Natl. Acad. Sci. USA 1994, 91, 12130–12134. 
339  Schuchman, E. H.; Desnick, R. J. Niemann–Pick disease types A B: acid sphingomyelinase 

deficiencies, in: C.R. Scriver, A.L. Beaudet, W.S. Sly, D. Valle (Eds.), The Metabolic and 
Molecular Bases of Inherited Disease, 8th Ed., McGraw-Hill, New York, 2001, 3589–3610. 

340  Lansmann, S.; Schuette, C. G.; Bartelsen, O.; Hoernschemeyer, J.; Linke, T.; Weisgerber, J.; 
Sandhoff, K. Eur. J. Biochem. 2003, 270, 1076–1088. 

341  Kolter, T.; Sandhoff, K. Biochim. Biophys. Acta 2006, 1758, 2057–2079. 
342  Zhang, H.; Desai, N. N.; Olivera, A.; Seki, T.; Brooker, G.; Spiegel, S. J. Cell. Biol. 1991, 

114, 155–167. 
343  Stoffel, W.; Hellenbroich, B.; Heimann, G. Z. Physiol. Chem. 1973, 354, 1311–1316. 
344  Chakraborty, M.; Jiang, X. C. Adv. Exp. Med. Biol. 2013, 991, 1–14. 
345  Stoffel, W.; Assmann, G. Z. Physiol. Chem. 1970, 351, 1041–1049. 
346  Van Veidhoven, P. P.; Mannaerts J. Biol. Chem. 1991, 266, 12502–12507. 
347  Spiegel, S.; Milstien, S. Nature Rev. Immunol. 2011, 11, 403–415. 
348  Van Brocklyn, J. R.; Lee, M.-J.; Menzeleev, R.; Olivera, A.; Edsall, L; Cuvillier, O.; Thomas, 

D. M.; Coopman, P. J. P.; Thangada, S.; Liu, C. H.; Hla, T.; Spiegel, S. J. Cell. Biol. 1998, 
142, 229–240. 

349  Lee, M. J.; Thangada, S.; Claffey, K. P.; Ancellin, N.; Liu, C. H.; Kluk, M.; Volpi, M.; Sha’afi, 
R. I.; Hla, T. Cell 1999, 99, 301–312. 

350  Liu, Y.; Wada, R.; Yamashita, T.; Mi, Y.; Deng, C. X.; Hobson, J. P.; Rosenfeldt, H. M.; 
Nava, V. E.; Chae, S. S.; Lee, M.-J.; Liu, C. H.; Hla, T.; Spiegel, S.; Proia, R. L. J. Clin. 
Invest. 2000, 106, 951–961. 

351  Garcia, J. G.; Liu, F.; Verin, A. D.; Birukova, A.; Deckert, M. A.; Gerthoffer, W. T.; Bamburg, 
J. R.; English, D. J. Clin. Invest. 2001, 108, 689–701. 

352  Meyer zu Heringdorf, D.; Lass, H.; Alemany, R.; Laser, K. T.; Neumann, E.; Zhang, C.; 
Schmidt, M.; Rauen, U.; Jakobs, K. H.; van Koppen, C. J. EMBO J. 1998, 17, 2830–2837. 

353  Cuvillier, O.; Pirianov, G.; Kleuser, B.; Vanek, P G.; Coso, O. A.; Gutkind, S.; Spiegel, S. 
Nature 1996, 381, 800–803. 

354  Ghosh, T. K.; Brian, J.; Gill, D. L. Science 1990, 248, 1648–1656. 
355  Desai, N. N.; Zhang, H.; Olivera, A.; Mattie, M. E.; Spiegel, S. J. Biol. Chem. 1992, 267, 

23122–23128. 
356  Lee, M.-J.; Van Brocklyn, J. R.; Thangada, S.; Liu, C. H.; Hand, A. R.; Menzeleev, R.; Spie-

gel, S., Hla, T. Science 1998, 279, 1552–1555. 
357  Hla, T.; Dannenberg, A. J. Cell Metab. 2012, 16, 420–434. 
358  Hauser, A. S.; Attwood, M. M.; Rask-Andersen, M.; Schiöth, H. B.; Gloriam, D. E. Nat Rev. 

Drug Discov. 2017. doi: 10.1038/nrd.2017.178 



 257 

 
359  Dorsam, R. T.; Gutkind, J. S. Nat. Rev. Cancer 2007, 7, 79–94. 
360  Attwood, T. K.; Findlay, J. B. C. Protein Eng. 1994, 7, 195–203. 
361  Kolakowski, L. F. J. Receptors Channels 1994, 2, 1–7. 
362  Zhou, Q.; Yang, D.; Wu, M.; Guo, Y.; Guo, W.; Zhong, L.; Cai, X.; Dai, A.; Jang, W.; 

Shakhnovich, E. I.; Liu, Z. J.; Stevens, R. C.; Lambert, N. A.; Babu, M. M.; Wang, M. W.; 
Zhao, S. eLife 2019, 8, e50279. 

363  Hu, G.-M.; Mai, T.-L.; Chen, C.-M. Sci. Rep. 2017, 7: 15495. 
364  De Graaf, C.; Song, G.; Cao, C.; Zhao, Q.; Wang, M.-W.; Wu, B.; Stevens, R. C. Trends 

Biochem. Sci. 2017, 42, 946–960. 
365  Nakayama, N.; Miyajima, A.; Arai, K. EMBO J. 1985, 4, 2643–2648. 
366  Klein, P. S.; Sun, T. J.; Saxe, C. L. 3rd; Kimmel, A. R.; Johnson, R. L.; Devreotes, P. N. 

Science 1988, 241, 1467–1472. 
367  Zhang, X.; Dong, S.; Xu, F. Trends Biochem. Sci. 2018, 43, 1033–1046. 
368  Frederiksson, R.; Lagerström, M. C.; Lundin, L.-G.; Schiöth, H. B. Mol. Pharmacol. 2003, 

63, 1256–1272. 
369  Kolakowski, L. F. Jr. Receptor Channels 1994, 2, 1–7. 
370  PyMol Model of β2-AR G Protein-Coupled Receptor (2012). URL: https://proteo-

pedia.org/wiki/images/c/ca/7tm_labeled.png (accessed 28 July 2020). 
371  Pándy-Szekeres, G.; Munk, C.; Tsonkov, T. M.; Mordalski, S.; Harpsøe, K.; Hauser, A. S.; 

Bojarski, A. J.; Gloriam, D. E. Nucleic Acids Res. 2017. doi: 10.1093/narlgkx1109 
372  O’Sullivan, C.; Dev, K. K. Trends Pharmacol. Sci. 2013, 34, 401–412. 
373  Jo, S.-K.; Bajwa, A.; Awad, A. S.; Lynch, K. R., Okusa, M. D. Kidney Int., 2008, 73, 1220–

1230. 
374  Hla, T.; Maciag, T. J. Biol. Chem. 1990, 265, 9308–9313. 
375  Postma, F. R.; Jalink, K.; Hengeveld, T.; Moolenaar, W. H. EMBO J. 1996, 15, 2388–2392. 
376  Zondag, G. C. M.; Postma, F. R.; Van Etten, I.; Verlaan, I.; Moolenaar, W. H. Biochem. J. 

1998, 330, 605–609. 
377  Cyster, J. G.; Schwab, S. R. Annu. Rev. Immunol. 2012, 30, 69–94. 
378  Spiegel, S.; English, D., Milstien, S. TRENDS in Cell Biol. 2002, 12, 236–242. 
379  Chun, J.; Hla, T.; Lynch, K. R.; Spiegel, S.; Moolenaar, W. H. Pharmacol. Rev. 2010, 62, 

579–587. 
380  McVerry, B. J.; Garcia, J. G. N. Cell. Signalling 2005, 17, 131–139. 
381  Dudek, S. M.; Jacobson, J. R.; Eddie, T. C.; Birukov, K. G.; Wang, P.; Zhan, X.; Garcia, J. 

G. N. J. Biol. Chem. 2004, 279, 24692–24700. 
382  Shikata, Y.; Birukov, K. G.; Garcia, J. G. N. J. Appl. Physiol. 2003, 94, 1193–1203. 



 258 

 
383  Peng, X.; Hassoun, P. M.; Sammani, S. McVerry, B. J.; Burne, M. J.; Rabb, H.; Pearse, D.; 

Tuder, R. M.; Garcia, J. G. N. Am. J. Resp. Crit. Med. Med. 2004, 169, 1245–1251. 
384  Hobson J. P.; Rosenfeldt, H. M.; Barak, L. S.; Olivera, A.; Poulton, S.; Caron, M. G.; Milstien, 

S.; Spiegel, S. Science 2001, 291, 1800–1803. 
385  Boguslawski, G.; Grogg, J. R.; Welch, Z.; Ciechanowicz, S.; Silva, D.; Kovala, A. T.; 

McGlynn, P.; Brindley, D. N.; Rhoades, R. A.; English, D. Exp. Cell Res. 2002, 274, 264–
274. 

386  Okamoto, H.; Takuwa, N.; Yokomizo, T.; Sugimoto, N.; Sakurada, S.; Shigematsu, H.; Ta-
kuwa, Y. Mol. Cell. Biol. 2000, 20, 9247–9261. 

387  Cyster, J. G.; Schwab, S. R. Annu. Rev. Immunol. 2012, 30, 69–94. 
388  Obinata, H.; Hla, T. Semin. Immunopathol. 2012, 34, 73–91. 
389  Maeda, Y.; Seki, N.; Kataoka, H.; Takemoo, K.; Utsumi, H.; Fukunari, A.; Sugahara, K.; 

Chiba, K. J. Immunol. 2015, 195, 1408–1416. 
390  Liu, G.; Burns, S.; Huang, G.; Boyd, K.; Proia, R. L.; Flavell, R. A.; Chi, H. Nat. Immunol. 

2009, 10, 769–777. 
391  Allende, M. L.; Tuymetova, G.; Lee, B. G.; Bonifacino, E.; Wu, Y. P.; Proia, R. L. J. Exp. 

Med. 2010, 207, 1113–1124. 
392  Dukala, D. E.; Soliven, B. Glia 2016, 64, 570–582. 
393  Noda, H.; Takeuchi, H.; Mizuno, T.; Suzumura, A. J. Neuroimmunol. 2013, 256, 13–18. 
394  Pyne, N. J.; Pyne, S. Nat. Rev. Cancer 2010, 10, 489–503. 
395  Pyne, N. J.; Pyne, S. Molecules 2017, 22, 344. 
396  Sukocheva, O.; Wadham, C.; Gamble, J.; Xia, P. Steroids 2015, 104, 237–245. 
397  Watson, C.; Long, J. S.; Orange, C.; Tannahill, C. L.; Mallon, E.; McGlynn, L. M.; Pyne, S.; 

Pyne, N. J.; Edwards, J. Am. J. Pathol. 2010, 177, 2205–2215. 
398  Clay, H.; Wilsbacher, L. D.; Wilson, S. J.; Duong, D. N.; McDonald, M.; Lam, I.; Park, K. 

E.; Chun, J.; Coughlin, S. R. Dev. Biol. 2016, 418, 157–165. 
399  Hanson, M. A.; Roth, C. B.; Jo, E.; Griffith, M. T.; Scott, F. L.; Reinhart, G.; Desale, H.; 

Clemons, B.; Cahalan, S. M.; Schürer, S. C.; Sanna, M. G.; Han, G. W.; Kuhn, P.; Stevens, 
R. C. Science, 2012, 335, 851–855. 

400  Parrill, A. L.; Wang, D. A.; Bautista, D. L.; Van Brocklyn, J. R.; Lorincz, Z.; Fischer, D. J.; 
Baker, D. L.; Liliom, K.; Spiegel, S.; Tigyi, G. J. Biol. Chem. 2000, 275, 39379–39384. 

401  Parrill, A. L.; Lima, S.; Spiegel, S. Sci. Signal. 2012, 5, pe23. 
402  Rosen, H.; Goetzl, E. J. Nat. Rev. Immunol. 2005, 5, 560–570. 
403  Rosen, H.; Stevens, R. C.; Hanson, M.; Roberts, E.; Oldstone, M. B. A. Ann. Rev. Biochem. 

2013, 82, 637–662. 
404  Lim, H. S.; Oh, Y. S.; Suh, P. G.; Chung, S. K. Bioorg. Med. Chem. Lett. 2004, 14, 2499–

2503. 



 259 

 
405  Pham, T. C.; Fells, J. I. Sr.; Osborne, D. A.; North, E. J.; Naor, M. M.; Parrill, A. L. J. Mol. 

Graph. Model. 2008, 26, 1189–1201. 
406  Fujiwara, Y.; Osborne, D. A.; Walker, M. D.; Wang, D.; Bautista, D. A.; Liliom, K.; Van 

Brockly, J. R.; Parrill, A. L.; Tigyi, G. J. Biol. Chem. 2007, 282, 2374–2385. 
407  Rasmussen, S. G. F.; DeVree, B. T.; Zou, Y.; Kruse, A. C:; Chung, K. Y.; Kobilka, T. S.; 

Thian, F. S.; Chae, P. S.; Pardon, E.; Calinski, D.; Mathiesen, J. M.; Shah, S. T. A.; Lyons, J. 
A.; Caffrey, M.; Gellman, S. H.; Steyaert, J.; Skiniotis, G.; Weis, W. I.; Sunahara, R. K.; 
Kobilka, B. K. Nature 2011, 477, 549–555. 

408  Scheerer, P.; Park, J. H.; Hildebrand, P. W.; Kim, Y. J.; Krauß, N.; Choe, H.-W.; Hofmann, 
K. P.; Ernst, O. P. Nature 2008, 455, 497–502. 

409  Huang, W.; Manglik, .; Venkatakrishnan, A. J.; Laeremans, T.; Feinberg, E. N.; Sanborn, A. 
L.; Kato, H. E.; Livingston, K. E.; Thorsen, T. S.; Kling, R. C.; Granier, S.; Gmeiner, P.; 
Husbands, S. M.; Traynor, J. R.; Weis, W. I.; Steyaert, J.; Dror, R. O.; Kobilka, B. K. Nature 
2015, 524, 315–321. 

410  Kruse, A. C.; Ring, A. M.; Manglik, A.; Hu, J.; Hu, K.; Eitel, K.; Hubner, H.; Pardon, E.; 
Valant, C.; Sexton, P. M.; Christopoulos, A.; Felder, C. C.; Gmeiner, P.; Steyaert, J.; Weis, 
W. I.; Garcia, K. C.; Wess, J.; Kobilka, B. K. Nature 2013, 504, 101–106. 

411  Tehan, B. G.; Bortolato, A.; Blaney, F. E.; Weir, M. P.; Mason, J. S. Pharmacol. Ther. 2014, 
143, 51–60. 

412  Cvicek, V.; Goddard, W. A. III, Abrol, R. PLoS Comp. Biol. 2016, 12: e1004805. 
413  Omotuyi, O.; Ueda, H. Chem. Inform. 2014, 1. 
414  Yuan, S.; Wu, R.; Latek, D.; Trzaskowski, B.; Filipek, S. PLoS Comp. Biol. 2013, 9: 

e1003261. 
415  Yuan, S.; Filipek, S.; Palczewski, K.; Vogel, H. Nat. Commun. 2014, 5, 4733. 
416  Yuan, S.; Hu, Z.; Filipek, S.; Vogel, H. Angew. Chem. Int. Ed. 2015, 54, 556–559. 
417  Prakash, P.; Sayyed-Ahmad, A.; Gorfe, A. A. PLoS Comp. Biol. 2012, 8: e1002394. 
418  Caliman, A. D.; Miao, Y.; McCammon, J. A. Protein Sci. 2017, 26, 1150–1160. 
419  Oskeritzian, C. A.; Milstien, S.; Spiegel, S. Pharmacol. Ther. 2007, 115, 390–399. 
420  Subei, A. M.; Cohen, J. A. CNS Drugs 2015, 29, 565–575. 
421  Sushil, S.; Mathur, A. G.; Pradhan, S.: Singh, D. B.; Gupta, S. J. Pharmacol. Pharmacother. 

2011, 2, 49–51. 
422  Adachi, K.; Chiba, K. Perspect. Medicin. Chem. 2007, 1, 11–23. 
423  Chun, J.; Hartung, H.-P. Clin. Neuropharmacol. 2010, 33, 91–101. 
424  Brinkmann V.; Cyster, J. G.; Hla, T. Am. J. Transplant. 2004, 4, 1019–1025. 
425  Oo, M. L.; Thangada, S.; Wu, M. T.; Liu, C. H.; Macdonald T. L.; Lynch, K. R.; Lin, C. Y.; 

Hla, T. J. Biol. Chem. 2007, 282, 9082–9089. 
426  Khatri, B. O. Ther. Adv. Neurol. Disord. 2016, 9, 130–147. 



 260 

 
427  Kovarik, J. M.; Schmouder, R.; Barilla, D.; Wang, Y.; Kraus, G. Br. J. Clin. Pharmacol. 2003, 

57, 586–591. 
428  Valentine, W. J.; Godwin, V. I.; Ocborne, D. A.; Liu, J.; Fujiwara, Y.; Van Brocklyn, J.; 

Bittman, R.; Parrill, A. L.; Gabor, T. J. Biol. Chem. 2011, 286, 30513–30525. 
429  Sanna, M. G.; Liao, J.; Jo, E.; Alfonso, C.; Ahn, M.-Y.; Peterson, M. S.; Webb, B.; Lefebvre, 

S.; Chun, J.; Gray, N.; Rosen, H. J. Biol. Chem. 2004, 279, 13839–13848. 
430  Kappos, L.; Antel, J.; Comi, G.; Montalban, X.; Connor, O. P.; Polman, C. H.; Haas, T.; Korn, 

A. A.; Karlsson, G.; Radue, E. W. N. Engl. J. Med. 2006, 355, 1124–1140. 
431  Fryer, R. M.; Muthukumarana, A.; Harrison, P. C.; Mazurek, S. N.; Chen, R. R.; Harrington, 

K. E. Dinallo, R. M.; Horan, J. C.; Patnaude, L.; Modis, L. K.; Reinhart, G. A. PLoS One, 
2012, 7, e52985. 

432  Obinata, H.; Gutkind, S.; Stitham, J.; Okuno, T.; Yokomizo, T.; Hwa, J.; Hla, T. J. Lipid. Res. 
2014, 55, 2665–2675. 

433  Seo, Y.-J.; Pritzl, C. J.; Vijayan, M.; Blake, C. R.; McClain, M. E.; Hahm, B. J. Immunol. 
2012, 188, 4759–4768. 

434  Kiuchi, M.; Adachi, K.; Kohara, T.; Teshima, K.; Masubuchi, Y.; Mishina, T.; Fujita, T. 
Bioorg. Med. Chem. Lett. 1998, 8, 101–106. 

435  Buzard, D. J.; Thatte, J.; Lerner, M.; Edwards, J.; Jones, R. M. Expert Opin. Ther. Patents 
2008, 18, 1141–1159. 

436  Matheu, M. P.; Teijaro, J. R.; Walsh, K. B.; Greenberg, M. L.; Marsolais, D.; Parker, I.; Rosen, 
H.; Oldstone, M. B. A.; Cahalan, M. D. PLoS ONE 2013, 8, e58033. 

437  Marsolais, D.; Hahm, B.; Walsh, K. B.; Edelmann, K. H.; McGavern, D.; Hatta, Y.; Kawaoka, 
Y.; Rosen, H.; Oldstone, M. B. A. PNAS 2009, 106, 1560–1565. 

438  Oldstone, M. B. A.; Teijaro, J. R.; Walsh, K. B.; Rosen, H. Virology 2013, 435, 92–101. 
439  Skerry, C.; Scanlon, K.; Rosen, H.; Carbonetti, N. H. J. Infect. Dis. 2015, 211, 1883–1886. 
440  Clemens, J. J.; Davis, M. D.; Lynch, K. R.; Macdonald, T. L. Bioorg. Med. Chem. Lett. 2003, 

13, 3401–3404. 
441  Davis, M. D.; Clemens, J. J.; Macdonald, T. L.; Lynch, K. R. J. Biol. Chem. 2005, 280, 9833–

9841. 
442  Offermann, S.; Rosenthal, W. Encyclopedia of Molecular Pharmacology, Springer Verlag 

Berlin Heidelberg New York, 2008. 
443  Foss, F. W. Jr.; Snyder, A. H.; Davis, M. D.; Rouse, M.; Okusa, M. D.; Lynch, K. R.; Mac-

donald, T. L. Bioorg. Med. Chem. 2007, 15, 663–677. 
444  Kennedy, P. C.; Zhu, R.; Huang, T.; Tomsig, J. L.; Mathews, T. P.; David, M.; Peyruchaud, 

O.; Macdonald, T. L.; Lynch, K. R. J. Pharmacol. Exp. Ther. 2011, 338, 879–889. 
445  Sanna, M. G.; Wang, S.-K.; Gonzalez-Cabrera, P. J.; Don, A.; Marsolais, D.; Matheu, M. P.; 

Wei, S. H.; Parker, I.; Jo, E.; Cheng, W.-C.; Cahalan, M. D.; Wong, C.-H.; Rosen, H. Nat. 
Chem. Biol. 2006, 2, 434–441. 



 261 

 
446  Tarrasón, G.; Aulí, M.; Mustafa, S.; Dolgachev, V.; Domènech, M. T.; Prats, N.; Domínguez, 

M.; López, R.; Aguilar, N.; Calbet, M.; Pont, M.; Milligan, G.; Kunkel, S. L.; Godessart, N. 
Int. Immunopharmacol. 2011, 11, 1773–1779. 

447  Shimizu, H.; Takahashi, M.; Kaneko, T.; Murakami, T.; Hakamata, Y.; Kudou, S.; Kishi, T.; 
Fukuchi, K.; Iwanami, S.; Kuriyama, K.; Yasue, T.; Enosawa, S.; Matsumoto, K.; Takeyoshi, 
I.; Morishita, Y.; Kobayashi, E. Circulation 2005, 111, 222–229. 

448  Forbes, R. D.; Cernaeck, P; Zheng, S.; Gomersall, M.; Guttmann, R. D. Transplantation 1996, 
61, 791–797. 

449  Little, D. M.; Haynes, L. D.; Alam, T.; Geraghty, J. G.; Sollinger, H. W.; Hullett, D. A. 
Transpl. Int. 1999, 12, 393–401. 

450  Polì, F.; Gualtieri, F.; Sacchi, S.; Weißen-Plenz, G.; Varga, G.; Brodde, M.; Weber, C.; Si-
moni, M.; Nofer, J. R. Arterioscler. Thromb. Vasc. Biol. 2013, 33, 1505–1512. 

451  Quancard, J.; Bollbuck, B.; Janser, P.; Angst, D.; Berst, F.; Buehlmayer, P.; Streiff, M.; Beerli, 
C.; Brinkmann, V.; Guerini, D.; Smith, P. A.; Smith, P. A.; Seabrock, T. J.; Traebert, M.; 
Seuwen, K.; Hersperger, R.; Bruns, C.; Bassilana, F.; Bigaud, M. Chem. Biol. 2012, 19, 1142–
1151. 

452  Sanna, M. G.; Liao, J.; Euijung, J.; Alfonso, C.; Ahn, M.-Y.; Peterson, M. S.; Webb, B.; 
Lefebvre, S.; Chun, J.; Gray, N.; Rosen, H. J. Biol. Chem. 2004, 279, 13839–13848. 

453  Foster, C. A.; Howard, L. M.; Schweitzer, A.; Persohn, E.; Hiestand, P. C.; Balatoni, B.; Reu-
schel, R.; Beerli, C.; Schwartz, M.; Billich, A. J. Pharmacol. Exp. Ther. 2007, 323, 469–475. 

454  Matsuura, M.; Imayoshi, T.; Chiba, K.; Okumoto, T. Inflammation Res. 2000, 49, 404–410. 
455  Pan, S.; Mi, Y.; Pally, C.; Beerli, C.; Chen, A.; Guerini, D.; Hinterding, K.; Nuesslein-Hil-

desheim, B.; Tuntland, T.; Lefebvre, S.; Liu, Y.; Gao, W.; Chu, A.; Brinkmann, V.; Bruns, 
C.; Streiff, M.; Cannet, C.; Cooke, N.; Gray, N. Chem. Biol. 2006, 13, 1227–1234. 

456  Zhang, Z.-Y.; Zhang, Z.; Zug, C.; Nuesslein-Hildesheim, B.; Leppert, D.; Schluesener, H. J. 
J. Neuroimmunol. 2009, 216, 59–65. 

457  Leppert, D.; Hughes, P.; Huber, S.; Erne, B.; Grygar, C.; Said, G.; Miller, K. M.; Steck, A. J.; 
Probst, A.; Fuhr, P. Neurology 1999, 53, 62–70. 

458  Pennington, L. D.; Sham, K. K. C.; Pickrell, A. J.; Harrington, P. E.; Frohn, M. J.; Lanman, 
B. A.; Reed, A. B.; Croghan, M. D.; Lee, M. R.; Xu, H.; McElvain, M.; Xu, Y.; Zhang, X.; 
Fiorino, M.; Horner, M.; Morrison, H. G.; Arnett, M. A.; Fotsch, C.; Wong, M.; Cee, V. J. 
ACS Med. Chem. Lett. 2011, 2, 752–757. 

459  Harrington, P. E.; Croghan, M. D.; Fotsch, M.; Lanman, B. A.; Pennington, L. D.; Pickrell, 
A. J.; Reed, A. B.; Sham, K. K. C.; Tasker, A.; Arnett, H. A.; Fiorino, M.; Lee, M. R.; 
McElvain, M.; Morrison, H. G.; Xu, H.; Xu, Y.; Zhang, X.; Wong, M.; Cee, V. J. ACS Med. 
Chem. Lett. 2012, 3, 74–78. 

460  Marsolais, D.; Rosen, H. Nat. Rev. Drug Disc. 2009, 8, 297–307. 
461  Ni, Q.; Baohong, Y.; Liu, T.; Lan, F.; Luo, X.; Lu, X.; Huang, P.; Dai, L.; Jin, X.; Yin, H. Int. 

Immunopharmacol. 2015, 26, 37–42. 



 262 

 
462  John, A. L. St.; Ang, W. X. G.; Huang, M.-N.; Kunder, C. A.; Chan, E. W.; Gunn, M. D.; 

Abraham, S. N. Immunity 2014, 41, 440–450. 
463  Tsukada, Y. T.; Sanna, M. G.; Rosen, H.; Gottlieb, R. A. J. Cardiovasc. Pharmacol. 2007, 

50, 660–669. 
464  Cee, V. J.; Frohn, M.; Lanman, B. A.; Golden, J.; Muller, K.; Neira, S.; Pickrell, A.; Arnett, 

H.; Buys, J.; Gore, A.; Fiorino, M.; Horner, M.; Itano, A.; Lee, M. R.; McElvain, M.; Mid-
dleton, S.; Schrag, M.; Rivenzon-Segal, D.; Vargas, H. M.; Xu, H.; Xu, Y.; Zhang, X.; Siu, 
J.; Wong, M.; Bürli, R. W. ACS Med. Chem. Lett. 2011, 2, 107–112. 

465  Pan, S., Gao, W.; Gray N.; Mi, Y.; Fan, Y. Patent WO04103306, 2004. 
466  Pan, S.; Gray, N. S.; Gao, W.; Mi, Y.; Fan, Y.; Wang, X.; Tuntland, T.; Che, J.; Lefebvre, S.; 

Chen, Y.; Chu, A.; Hinterding, K.; Gardin, A.; End, P.; Heining, P.; Bruns, C.; Cooke, N. G.; 
Nuesslein-Hildesheim, B. ACS Med. Chem. Lett. 2013, 4, 333–337. 

467  Gergely, P.; Nuesslein-Hildesheim, B.; Guerini, D.; Brinkmann, V.; Traebert, M.; Bruns, C.; 
Pan, S.; Gray, N. S.; Hinterding, K.; Cooke, N. G.; Groenewegen, A.; Vitaliti, A.; Sing, T.; 
Luttringer, O.; Yang, J.; Gardin, A.; Wang, N.; Crumb, W. J. Jr.; Saltzman, M.; Rosenberg, 
M.; Wallström, E. Br. J. Pharmacol. 2012, 167, 1035–1047. 

468  Glaenzel, U.; Jin, Y.; Nufer, R.; Li, W.; Schroer, K.; Adam-Stitah, S.; van Marle, S. P.; Le-
gangneux, E.; Borell, H.; James, A. D.; Meissner, A.; Camenisch, G.; Gardin, A. Drug Metab. 
Dispos. 2018, 46, 1001–1013. 

469  David, O. J.; Kovarik, J. M.; Schmouder, R. L. Clin. Pharmacokinet. 2012, 51, 15–28. 
470  Tavares, A.; Barret, O.; Alagille, D.; Morley, T.; Papin, C.; Maguire, R.; Briard, E.; Auberson, 

Y.; Tamagnan, G. Neurology 2014, 82, 168. 
471  Selmai, K.; Li, D. K.; Hartung, H. P.; Hemmer, B.; Kappos, L.; Freedman, M. S.; Stüve, O.; 

Rieckmann, P.; Montalban, X.; Ziemssen, T.; Auberson, L. Z.; Pohlmann, H.; Mercier, F.; 
Dahlke, F.; Wallström, E. Lancet Neurol. 2013, 12, 756–767. 

472  Kappos, L.; Bar-Or, A.; Cree, B. A. C.; Fox, R. J.; Giovanni, G.; Gold, R.; Vermersch, P.; 
Arnold, D. L.; Arnould, S.; Scherz, T.; Wolf, C.; Wallström, E.; Dahlke, F. Lancet 2018, 391, 
1263–1273. 

473  Ohne, T.; Chihiro, H.; Nakade, S.; Kitagawa, J.; Honda, N.; Ogawa, M. Biopharm. Drug Dis-
pos. 2010, 31, 396–406. 

474  Krösser, S.; Wolna, P.; Fischer, T. Z.; Boschert, U.; Stoltz, R.; Zhou, M.; Darpo, B. J. Clin. 
Pharmacol. 2015, 55, 1051–1060. 

475  Gonzalez-Cabrera, P. J.; Brown, S.; Studer, S. M.; Rosen, H. F1000Prime Rep. 2014, 6, 109. 
476  Komiya, T.; Sato, K.; Shioya, H.; Inagaki, Y.; Hagiya, H.; Kozaki, R.; Imai, M.; Takada, Y.; 

Maeda, T.; Kurata, H.; Kuruno, M.; Suzuki, R.; Otsuki, K.; Habashita, H.; Nakade, S. Clin. 
Exp. Immunol. 2013, 171, 54–62. 

477  Vollmer, T.; Zipp, F.; Bar-Or, A.; Due, B.; Thangavelu, K.; Fischer, T. Z.; Selmaj, K. Mult. 
Scler. J. 2013, 19, 226–227. 

478  Selmaj, K.; Zipp, F.; Vollmer, T.; Bar-Or, A.; Due, B.; Fischer, T. Z.; Thangavelu, K. Mult. 
Scler. J. 2013, 19, 454–455. 



 263 

 
479  Grogan, K. PharmaTimes, “Merck KGaA gives up on MS drug ceralifimod” (2014). URL: 

http://www.pharmatimes.com/news/merck_kgaa_gives_up_on_ms_drug_cer-
alifimod_1002072 (accessed 12 September 2018). 

480  D’Ambrosio, D.; Freedman, M. S.; Prinz, J. Ther. Adv. Chronic Dis. 2016, 7, 18–33. 
481  Bolli, M. H.; Abele, S.; Binkert, C.; Bravo, R.; Buchmann, S.; Bur, D.; Gatfield, J.; Hess, P.; 

Kohl, C.; Mangold, C.; Mathys, B.; Menyhart, K.; Müller, C.; Nayler, O.; Scherz, M.; 
Schmidt, G.; Sippel, V.; Steiner, B.; Strasser, D.; Treiber, A.; Weller, T. J. Med. Chem. 2010, 
53, 4198–4211. 

482  Brossard, P.; Derendorf, H.; Xu, J.; Maatouk, H.; Halabi, A.; Dingemanse, J. Br. J. Pharma-
col. 2013, 76, 888–896. 

483  Olsson, T.; Boster, A.; Fernández, Ó.; Freedman, M. S.; Pozzilli, C.; Bach, D.; Berkani, O.; 
Mueller, M. S.; Sidorenko, T.; Radue, E.-W.; Melanson, M. J. Neurol. Neurosurg. Psychiatry 
2014, 85, 1198–1208. 

484  ClinicalTrials.gov, “Oral Ponesimod Versus Teriflunomide In Relapsing MUlitplie Sclerosis 
(OPTIMUM)“, ClinicalTrials.gov Identifier: NCT02425644 (2018). URL: https://clinicaltri-
als.gov/ct2/show /NCT02425644 (accessed 12 September 2018). 

485  Yamamoto, R.; Okada, Y.; Hirose, J.; Koshika, T.; Kawato, Y.; Maeda, M.; Saito, R.; Hattori, 
K.; Harada, H.; Nagasaka, Y.; Morokata, T. PLoS ONE 2014, 9, e115613. 

486  Yamamoto, R.; Aoki, T.; Koseki, H.; Fukuda, M.; Hirose, J.; Tsuji, K.; Takizawa, K.; Naka-
mura, S.; Miyata, H.; Hamakawa, N.; Kasuya, H.; Nozaki, K.; Hirayama, Y.; Aramori, I.; 
Narumiya, S. Br. J. Pharmacol. 2017, 174, 2085–2101. 

487  Drug profile “ASP 4058” (2018). URL: https://adisinsight.springer.com /drugs/800032663 
(accessed 13 September 2018). 

488  ClinicalTrials.gov, “A Dose Escalation Study to Assess the Safety, Tolerability, and Pharma-
cokinetics of ASP4058 Following Single Oral Doses”, ClinicalTrials.gov Identifier: 
NCT01998646 (2013). URL: https://clinicaltrials.gov/ct2/show/NCT01998646 (accessed 13 
September 2018). 

489  Gonzalez-Cabrera, P. J.; Euijung, J.; Sanna, M. G.; Brown, S.; Leaf, N.; Marsolais, D.; 
Schaeffer, M.-T.; Chapman, J.; Cameron, M.; Guerrero, M.; Roberts, E.; Rosen, H. Mol. 
Pharmacol. 2008, 74, 1308–1318. 

490  Teijaro, J. R.; Walsh, K. B.; Cahalan, S.; Fremgen, D. M.; Roberts, E.; Scott, F.; Martinbor-
ough, E.; Peach, R.; Oldstone, M. B. A.; Rosen, H. Cell 2011, 146, 980–991. 

491  Cheng, Q.; Ma, S.; Lin, D.; Mei, Y.; Gong, H.; Lei, L.; Chen, Y.; Zhao, Y.; Hu, B.; Wu, Y.; 
Yu, X.; Zhao, L.; Liu, H. Cell. Mol. Immunol. 2015, 12, 681–691. 

492  Cahalan, S. M.; Gonzalez-Cabrera, P. J.; Sarkisyan, G.; Nguyen, N.; Schaeffer, M.-T.; Huang, 
L.; Yaeger, A.; Clemons, B.; Scott, F.; Rosen, H. Nat. Chem. Biol. 2011, 7, 254–256. 

493  Meadows, K. R. T.; Steinberg, M. W.; Clemons, B.; Stokes, M. E.; Opiteck, G. J.; Peach, R.; 
Scott, F. L. PLoS ONE 2018, 13, e0193236. 



 264 

 
494  Scott, F. L.; Clemons, B.; Brooks, J.; Brahmachary, E.; Powell, R.; Dedman, H.; Desale, H. 

G.; Timony, G. A.; Martinborough, E.; Rosen, H.; Roberts, E.; Boehm, M. F.; Peach, R. J. Br. 
J. Pharmacol. 2016, 173, 1778–1792. 

495  Westad, A.; Venugopal, A.; Snyder, E. Nat. Rev. Drug Disc. 2017, 16, 675–676. 
496  Cohen, J. A.; Arnold, D. L.; Comi, G.; Bar-Or, A.; Guirathi, S.; Hartung, J. P.; Cravets, M.; 

Olson, A.; Frohna, P. A.; Selmaj, K. W. Lancet 2016, 15, 373–381. 
497  Bell, J. BioPharmaDive: “A metabolite will make or break Celgene’s Ozanimod” (2018). 

https://www.biopharmadive.com/news/celgene-Ozanimod-metabolite-safety-test-ap-
proval/522268/ (accessed 13 September 2018). 

498  Brooks, M. Medscape: “FDA Rejects Celgene’s NDA for Ozanimod in MS” (2018). 
https://www.medscape.com/viewarticle/893269 (accessed 13 September 2018). 

499  Keown, A. BioSpace: “Celgene Plans To File Second NDA for Ozanimod in 2019 Following 
FDA Rejection in February” (2018). https://www.biospace.com/article/celgene-plans-to-file-
second-nda-for-Ozanimod-in-2019-following-fda-rejection-in-february/ (accessed 13 Sep-
tember 2018). 

500  U.S. Food and Drug Administration (FDA): “Drug Trials Snapshots: ZEPOSIA” (2020). 
https://www.fda.gov/drugs/development-approval-process-drugs/drug-trials-snapshots-
zeposia (accessed 2 April 2020). 

501  Forrest, M.; Sun, S. Y.; Hajdu, R.; Bergstrom, J.; Card, D.; Doherty, G.; Hale, J.; Keochane, 
C.; Meyers, C.; Milligan, J.; Mills, S.; Nomura, N.; Rosen, H.; Rosenbach, M.; Shei, G.-J.; 
Singer, I. I.; Tian, M.; West, S.; White, V.; Xie, J.; Roia, R. L.; Mandala, S. J. Pharmacol. 
Exp. Ther. 2004, 309, 758–768. 

502  Hale, J. J.; Neway, W.; Mills, S. G.; Hajdu, R.; Keochane, C.; Rosenbach, M.; Milligan, J.; 
Shei, G.-J.; Chrebet, G.; Bergstrom, J.; Card, D.; Koo, G. C.; Koprak, S. L.; Jackson, J. J.; 
Rosen, H.; Mandala, S. Bioorg. Med. Chem. Lett. 2004, 14, 3351–3355. 

503  Wang, L.; Sammani, S.; Moreno-Vinasco, L.; Letsiou, E.; Wang, T.; Camp, S. M.; Bittman, 
R.; Garcia, J. G.; Dudek, S. M. Crit. Care Med., 2014, 42, e189–199. doi: 
10.1097/CCM.0000000000000097 

504  Kovarik, J. M.; Schmouder, R. L.; Slade, A. J. Ther. Drug Monit. 2004, 26, 585–587. 
505  Camp, S. M.; Bittman, R.; Chiang, E. T.; Moreno-Vinasco, L.; Mirzapoiazova, T.; Sammani, 

S.; Lu, X.; Sun, C.; Harbeck, M.; Roe, M.; Natarajan, V.; Garcia, J. G. N.; Dudek, S. M. J. 
Pharmacol. Exp. Ther., 2009, 331, 54–64.  

506  Gon, Y.; Wood, M. R.; Kiosses, W. B.; Jo, E.; Sanna, M. G.; Chun, J.; Rosen, H. Proc. Natl. 
Acad. Sci. USA 2005, 102, 9270–9275. 

507  Dudek, S. M.; Camp, S. M.; Chiang, E. T.; Singleton, P. A.; Usatyuk, P. V.; Zhao, Y.; Nata-
rajan, V.; Garcia, J. G. N. Cell Signal. 2007, 19, 1754–1764. 

508  Pyne, N. J.; Pyne, S. Biochim. Biophys. Acta 2008, 1781, 467–476. 
509  Pempo, D.; Cintrat, J.-C.; Parrain, J.-L.; Santelli, M. Tetrahedron 2000, 56, 5493–5497. 
510  Burns, C. J.; Gill, M.; Saubern, S. Aust. J. Chem. 1997, 50, 1067–1079. 



 265 

 
511  Polt, R.; Sames, D.; Chruma, J. J. Org. Chem. 1999, 64, 6147–6158. 
512  Nagy, Y.; Agócs, A.; Turcsi, E.; Deli, J. Phytochem. Anal. 2009, 20, 143–148. 
513  Garner, P.; Park, J. M. Org. Synth. 1992, 70, 18–28. 
514  Passiniemi, M.; Koskinen, A. M. P. Beilstein J. Org. Chem. 2013, 9, 2641–2659. 
515  McKillop, A.; Taylor, R. J. K.; Watson, R. J.; Lewis, N. Synthesis 1994, 31–33. doi: 

10.1055/s-1994-25398 
516  Dondoni, A.; Perroni, D. Org. Synth. 2000, 77, 64–77. 
517  Roush, W. R.; Hunt, J. A. J. Org. Chem. 1995, 60, 798–806. 
518  Gerngross, O.; Olcay, A. Chem. Ber. 1963, 96, 2550. 
519  O’Donnell, M. J. Aldrichimica Acta 2001, 34, 3–15. 
520  O’Donnell, M. J.; Polt, R. L. J. Org. Chem. 1982, 47, 2663–2666. 
521  Nöteberg, D.; Hamelink, E.; Hultén, J.; Wahlgren, M.; Vrang, L.; Samuelsson, B.; Hallberg, 

A. J. Med. Chem. 2003, 46, 734–746. 
522  O'Donnell, M. J.; Cook, G. K.; Rusterholz, D. B. Synhesis 1991, 11, 989–993. 
523  Polt, R.; Peterson, M. A.; DeYoung, L. J. Org. Chem. 1992, 57(20), 5469–5480. 
524  Griffiths-Jones, C. M.; Knight, D. W. Tetrahedron 2010, 66, 4150–4166. 
525  Lin, H.; Bannister, T. D.; Kamenecka, T. M. Chem. Eur. J. 2018, 24, 9535–9541. 
526  O’Donnell, M. J. Tetrahedron 2019, 75, 3667–3696. 
527  Hoffmann, R. W. Chem. Rev. 1989, 89(8), 1841–1860. 
528  Tang, S.; Zhang X.; Sun, J.; Niu, D.; Chruma, J. J. Chem. Rev. 2018, 118(20), 10393–10457. 
529  O’Donnell, M. J.; Bennett, W. D.; Bruder, W. A.; Jacobsen, W. N.; Knuth, K.; LeClef, B.; 

Polt, R.; Bordwell, F. G.; Mrozack, S. R.; Cripe, T. A. J. Am. Chem. Soc. 1988, 110(25), 
8520–8525. 

530  Edwards, P. M.; Schafer, L. L. Chem. Commun. 2018, 54, 12543–12560. 
531  Lahm, G.; Opatz, T. Org. Lett. 2014, 16, 4201–4203. 
532  Verma, P.; Richter, J. M.; Chekshin, N.; Qiao, J. X.; Yu, J.-Q. J. Am. Chem. Soc. 2020, 142, 

5117–5125. 
533  Chu, J. C. K.; Rovis, T. Angew. Chem., Int. Ed. 2018, 57, 62–101. 
534  Ryder, A. S. H.; Cunningham, W. B.; Ballantyne, G.; Mules, T.; Kinsella, A. G.; Turner-Dore, 

J.; Alder, C. M.; Edwards, L. J.; McKay, B. S. J.; Grayson, M. N.; Cresswell, A. J. Angew. 
Chem., Int. Ed. 2020, 59, 14986–14991. 

535  Morozova, O. B.; Yurkovskaya, A. V. J. Phys. Chem. B 2008, 112, 12859–12862. 
536  Le, C.; Liang, Y.; Evans, R. W.; Li, X.; MacMillan, D. W. C. Nature 2017, 547, 79–83. 
537  Speckmeier, E.; Fischer, T. G.; Zeitler, K. J. Am. Chem. Soc. 2018, 140, 15353–15365. 
538  Morisaki, K.; Morimoto, H.; Ohshima, T. ACS Catal. 2020, 10, 6924–6951. 



 266 

 
539  Le, C.; Liang, Y.; Evans, R. W.; Li, X.; MacMillan, D. W. C. Nature, 2017, 547, 79–83. 
540  Wang, Y.; Hu, X.; Morales-Rivera, C. A.; Li, G.-X.; Huang, X.; He, G.; Liu, P.; Chen, G. J. 

Am. Chem. Soc. 2018, 140, 9678–9684. 
541  Le, C.; Liang, Y.; Evans, R. W.; Li, X.; MacMillan, D. W. C. Nature 2017, 547, 79–83. 
542  Grayson, J. D.; Cresswell, A. J. Tetrahedron 2021, 81, 131896. 
543  Giaever, I.; Keese, C. R. Proc. Natl. Acad. Sci. U.S.A. 1984, 81, 3761. 
544  Giaever, I.; Keese, C. R. Proc. Natl. Acad. Sci. U.S.A. 1991, 88(17), 7896–7900. 
545  Giaever, I.; Keese, C. R. Nature 1993, 366(6455), 591–592. 
546  Tarantola, M.; Marel, A.-K.; Sunnick, E.; Adam, H.; Wegener, J.; Janshoff, A. Integr. Biol. 

2010, 2, 139. 
547  Szulcek, R.; Bogaard, H. J.; van Nieuw Amerongen, G. P. J. Vis. Exp. 2014, 85, e51300. doi: 

10.3791/51300 
548  Applied BioPhysics: “The ECIS Method” (2020). URL: https://www.biophysics.com/whatI-

sECIS.php (accessed: 6 June 2020). 
549  Lo, C. M.; Keese, C. R., Giaever, I. Exp. Cell Res. 1999, 250(2), 576–580. 
550  Wegener, J.; Sieber, M.; Galla, H. J. J. Biochem. Biophys. Methods 1996, 32(3), 151–170. 
551  Wegener, J.; Zink, S.; Rösen, P.; Galla, H. Pflugers Arch. 1999, 437(6), 925–934. 
552  Camp, S. M.; Marciniak, A.; Chiang, E. T.; Garcia, A. N.; Bittman, R.; Polt, R.; Perez, R. G.; 

Dudek, S. M.; Garcia, J. G. N. Pulm. Circ. 2020, 10, 1–10. 
553  Wang, L.; Bittman, R.; Garcia, J. G.; Dudek, S. M. Microvasc. Res., 2015, 99, 102–109. 
554  Mathew, B.; Jacobson, J. R.; Berdyshev, E.; Huang, Y.; Sun, X.; Zhao, Y.; Gerhold, L. M.; 

Siegler, J.; Evenoski, C.; Wang, T.; Zhou, T.; Zaidi, R.; Moreno-Vinasco, L.; Bittman, R.; 
Chen, C. T.; LaRiviere, P. J.; Sammani, S.; Lussier, Y. A.; Dudek, S. M.; Natarajan, V.; 
Weichselbaum, R. R.; Garcia, J. G. FASEB J., 2011, 25, 3388–3400. 

555  Noar, M. M.; Walker, M. D.; Van Brocklyn, J. R.; Tigyi, G.; Parrill, A. L. J. Mol. Graph. 
Model., 2007, 26, 519–528. 

556  Schürer, S. C.; Brown, S. J.; Gonzalez-Cabrera, P. J.; Schaeffer, M. T.; Chapman, J.; Jo, E.; 
Chase, P.; Spicer, T.; Hodder, P.; Rosen, H. ACS Chem. Biol., 2008, 3, 486–498. 

557  Yuan, S.; Wu, R.; Latek, D.; Trzaskowksi, B.; Filipek, S. PLoS Comput. Biol., 2013, 9, 
e1003261. doi: 10.1371/journal.pcbi.1003261 

558  Liu, S.; Paknejad, N.; Zhu, L.; Kihara, Y.; Ray, M.; Chun, J.; Liu, W.; Hite, R. K.; Huang, 
X.-Y. Nat. Commun. 2022, 13, 731. 

559  Rosen, H.; Gonzalez-Cabrera, P. J.; Sanna, M. G.; Brown, S. Annu. Rev. Biochem., 2009, 78, 
743–768.  

560  Truc-Chi, P. T.; Fells Sr., J. I.; Osborne, D. A.; North, E. J.; Noar, M. M.; Parrill, A. L. J. Mol. 
Graph. Model., 2008, 26, 1189–1201. 



 267 

 
561  Troupiotis-Tsaïlaki, A.; Zachmann, J.; González-Gil, I.; Gonzalez, A.; Ortega-Gutiérrez, S.; 

López-Rodríguez, M. L.; Pardo, L.; Govaerts, C. Nature Sci Rep., 2017, 7, 2020. 
562  Nygaard, R.; You, Y.; Dror, R. O.; Mildorf, T. J.; Arlow, D. H.; Manglik, A.; Pan, A. C.; Liu, 

C. W.; Fung, J. J.; Bokoch, M. P.; Thian, F. S.; Kobilka, T. S.; Shaw, D. E.; Mueller, L.; 
Prosser, R. S.; B. K. Kobilka Cell, 2013, 152, 532–542. 

563  Gao, J.; Li, X.; Gu, G.; Sun, B.; Cui, M.; Ji, M.; Lou, H.-X. Bioorg. Med. Chem. Lett. 2011, 
21, 622–627.  

564  Shendage, D. M.; Fröhlich, R.; Haufe, G. Org. Lett. 2004, 6, 3675–3678. 


