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Key messages
» Depletion of ornithine, citrulline and many lysophatidylcholine lipid variants
within a few hours during mast cell activation imastocytosis patient
* Reduction of arginine with increased metaboliteslteto compromised nitric oxide
signaling
» Histamine as possible key driver of severe clinggahptoms with rapid clinical
improvement after 100-fold elevation of endogendiasnine oxidase
Capsulesummary: Extensive mast cell activation leads to severe #adial dysfunction
with depletion of important amino acids in the icitoxide signaling pathway and many
lysophosphatidylcholine (LPC) variants with histampossibly as the key driving force
behind the severe clinical symptoms.
Keywords:. histamine, diamine oxidase (DAO), mast cell atctorasyndrome (MCAS),
mastocytosis, lysophosphatidylcholine (LPC), lysagghatidic acid (LPA), citrulline,

ornithine

Abbreviations:

ADMA = Asymmetric Dimethylarginine

aPTT = Activated Partial Thromboplastin Time
ATX = Autotaxin

DAO = Diamine Oxidase

eNOS = Endothelial Nitric Oxide Synthase
LC-MS = Liquid Chromatography Mass Spectrometry
LPC = Lysophosphatidylcholine

LPA = Lysophosphatidic Acid

MC = Mast Cell

MCAS = Mast Cell Activation Syndrome

MUV = Medical University of Vienna

SDMA = Symmetric Dimethylarginine

fSBL = Functional Small Bowel Length
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ABSTRACT

Background: The number of mast cells in various organs is folthelevated in individuals
with systemic mastocytosis. Degranulation can tedde-threatening symptomatology. No
data have been published about the alteratiorfseainetabolome and lipidome during an
attack.

Objective: To analyze metabolomics and lipidomics changemduhe acute phase of a
severe mast cell activation event.

Methods: Forty-three metabolites and 11 lipid classes cosimg 200 subvariants from
multiple plasma samples in duplicate, covering @@rk of a severe mast cell activation attack
with nausea and vomiting, were compared to twollressamples using quantitative liquid
chromatography mass spectrometry.

Results: A strong enterocyte dysfunction reflected in an@dt 20-fold reduction in the
functional small bowel length extrapolated fronoatgly reduced ornithine and citrulline
concentrations was very likely secondary to seeedthelial cell dysfunction with
hypoperfusion and extensive vascular leakage. Migitkeased histamine and lactate
concentrations accompanied the peak in clinicalggms. Elevated asymmetric and
symmetric dimethylarginine combined with reducegir@ne levels compromised endothelial
nitric oxide synthase activity and nitric oxiders&ding. Specific and extensive depletion of
many lysophosphatidylcholine variants indicateglized autotaxin activation and
lysophosphatidic acid release. A strong correlatibdinical parameters with histamine
concentrations and symptom reduction after 100-étdstated plasma diamine oxidase
concentrations imply histamine is the key drivetre acute phase.

Conclusions: Rapid elimination of elevated histamine concerdret using recombinant
human diamine oxidase, supplementation of lysophatsylcholine for immunomodulation,
inhibition of autotaxin activity and/or blockade lgsophosphatidic acid receptors might

represent new treatment options for life-threatgmmast cell activation events.
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INTRODUCTION

Mastocytosis is characterized by an increased nuofbeast cells (MC) in various tissdes

In healthy individuals the lung, the small intestend the skin store roughly 10, 50 and 30
mg histamine respectively (Table E3 and E4). Tha& eomount of tissue histamine would be
approximately 100 mg, with more than 90% storeM@ granules. The amount of histamine
stored in circulating basophils is less than 1 Baged on the elevated baseline tryptase and
histamine concentrations in mastocytosis patiemtistieir correlation with the MC burden,
the number of MCs in mastocytosis patients whenpaoed to healthy individuals are at least
two to ten-fold highér”. The elevated MC burden renders MC activation @stocytosis
patients life-threatening. Desborough et al. (198&)orted a case of systemic mastocytosis
and perioperative anaphylaxis with plasma histarooreentrations greater than 500 ng/ml
(4.5 pM), which was associated with reduced vascekistance. The mean peak histamine
concentration in severe acute anaphylaxis in nostwagtosis patients was 140 ngiml
Plasma histamine concentrations as low as 5 ngéartlte induce significant hypotension and
more than 10 ng/ml can lead to bronchospasm, &migtand finally cardiac arrést

There is limited knowledge about definite triggesletules in mastocytosis patients or indeed
in other patients suffering from mast cell actisatsyndrome (MCAS). There is even less
definitive knowledge regarding why some MCAS evdast many hours and sometimes even
days in contrast to the mainly IgEARI-mediated rapid MC degranulation during “claskica
anaphylaxis”. Mast cells might release inflammatmgdiators not only via acute and
explosive or slower piece-meal degranulation bst &#hrough the release of exosomes or
other secreted extracellular vesiél&s The number of plasma exosomes in mastocytosis
patients is significantly higher compared to healttbntrols, and strongly correlates with
tryptase concentrations, suggesting the increasgéditden as exosome soutce
Classification of MC activation events is currerlyssible following a rapid versus
protracted course, or by quantifying the fast re¢eaf preformed, or slower release of freshly
synthesized mediatdr's Nevertheless, in 25% of severe anaphylaxis dagesise
concentrations, an accepted MC activation markergwot elevatéd The short half-life of
histamine seems to render this potent signalingeoubé relatively unsuitable for the
differential diagnosis of MC activation evehtd The identification and quantification of the
additional metabolites in plasma which are seletyior even specifically elevated during
MC activation events might help to properly diagnasd may potentially allow us to design

better preventative and therapeutic measures.
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We are not aware of any publications describingalm@bmic and lipidomic alterations
during severe MC activation in humans. The medsateleased in the “classical” acute
anaphylaxis-type reactions, including leukotriend prostaglandin lipids, have been
described many timé&*° but what happens to the metabolome and lipidomen#Cs are
activated and degranulate over many hours?

Here, we characterize the metabolomics and lipiderderangements in a mastocytosis
patient during severe MC activation. This patieasweated in the intensive care unit and

had acute life-threatening symptoms for severarfiou
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METHODS

Mast cell activation event

The patient was diagnosed with indolent systemistatgtosis in 2008 and is positive for the
KIT D816V mutation. He is a 42 year old Caucasialenwith no comorbidities. Bone
marrow biopsy confirmed infiltrating mast cellsisiag positive for c-kit, CD25 and tryptase
with minimal staining for CD2 and negative stainfng CD34. This mastocytosis patient
suffers from recurrent events once or twice per.yElaese events follow a similar course and
demonstrate similar symptoms including fever, vataf varying severity. An infectious
cause was not diagnosed during several severesawethie past.

The symptoms, possibly triggered by an upper raggiy tract infection (PCR negative for
seasonal influenza viruses), started in the evenitig38°C fever and nausea. The patient ate
for the last time at 6 PM. At midnight the patieohtacted BJ because he was afraid of
developing “anaphylaxis”. The patient had meastisdlood pressure and heart rate, and
these were still normal at that time. The symptevossened and the patient came to the
emergency department at 6.30 AM. In all relevaguiries the time of admission is represented
as the 0 hour time point. Mean arterial pressur@RMand diastolic pressure were already
reduced. The patient had vomited a few times ateh@nd continued to do so throughout the
first few hours in the hospital. Following transfesm the emergency department the patient
was treated in intensive care starting approxirga@eiours after admission. Medications,
including electrolyte solutions, and the time aditredministration are listed in Fig 1E. The
CoolGard system (Zoll, Sunnyvale; CA) was startaeghly 10 hours post admission and was
used for at least 24 hours.

Most presented data were normalized to baseling yBlues obtained either from two visits
as part of the DAOMAST study, or other regular iclivisits where the patient did not have
any symptoms. The DAOMAST study was a non-inteneeiatl study based on
guestionnaires and blood draws including 43 mastscy patients and is briefly described in
Boehm 201%'. The visits used for BL normalization were in A@013 and March 2014 and
the event happened in February 2018. The patiewiged informed consent and was
included in an anaphylaxis clinical study (EC:1@I8/5) approved by the Ethics Committee
of the Medical University of Vienna (MUV). The Blalues for blood pressure and heart rate
were measured 24-times at home by the patientglarit6 day symptom-free interval in
March 2018. The mean (SD) systolic and diastolo8lpressure were 124/75 (7.7; 5.4)
mmHg with a mean arterial pressure (MAP) of 91 Bn@nHg and a heart rate of 68 (7.8).
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Other measurements

The DAO, tryptase and histamine Medical Universityienna (MUV) data were recently
published” and are included here to provide a complete madfithe MC activation event.
Histamine was also measured in the metabolomicglsamnd showed a high correlatiorf (R
=0.87; p = 0.00021) with the state of the artdrishe ELISA measurements described in
Boehm 201%. Other clinical parameters were measured in ttemgive care unit and in the
clinical chemistry laboratory of the Vienna Genétalspital using accredited standard
methods.

The functional small bowel length (fSBL) was calteld using the following equation:
plasma citrulline (uM) = 0.23 x small bowel lengtim) + 5.68 (uM3®. In this publication a
total of 57 patients were included. Twenty patientfered from transient and 37 from
permanent intestinal failure. The remnant small &éldength was evaluated on radiograph
films and together with the measured plasma citrelitoncentrations used to generate the
linear regression line. Evaluation of post-duodesmadll bowel length during an operation or
using radiograph films was highly correlated vdiidig the radiograph film method (R = 0.94;
p < 0.0001%. The citrulline synthesis capacity of colonic entstes is at least 10-fold lower
compared to the jejunum or ileum. Citrulline is need by the intestine and is not taken up
by the liver bypassing splanchnic extraction. Tfaee plasma citrulline concentrations
reflect metabolic health of small bowel enterocytes

Additional methods including Statistical Analysire alescribed in the Online Repository.

v
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RESULTS
Many clinical parametersare strongly altered during mast cell activation but normalize

after rapid increase in diamine oxidase (DAO) and decrease in histamine concentrations
This patient with indolent systemic mastocytosegjtrently suffers from MC activation events
leading to hospital admission. Under non-event gmws only the anti-histamine
medications cetirizine and ranitidine are requi@dhe patient to remain almost symptom-
free. According to the patient the trigger is freqtly an upper respiratory tract infection. In
the described event, the patient came to the emeygiepartment about 12 hours after the
first symptoms with fever, generalized flush, nauaed vomiting.

Nevertheless, symptoms of respiratory illness sgcbough or rhinitis were not present.
Three lung x-rays within the first 24 hours postagsion were negative for signs of infection
and lung auscultation was unremarkable. Oxygenatas> 96% for the entire hospital stay.
Nonspecific signs of a gastrointestinal infectioergznausea and vomiting and mild epigastric
pain. Abdominal pain, defense and diarrhea wergresgtent and consequently no stool PCR
pathogen diagnosis was performed. In the evenilg for admission the patient had two soft
stools similar to other episodes. Blood cultureseweegative and there were no signs of
urinary infection. In previous episodes with simggmptoms an infection was never
diagnosed.

Various clinical parameters shown in Fig 1 andr@rggly suggest that the peak of the MC
activation event happened 6 to 8 hours post adoms$ihe heart rate, activated partial
thromboplastin time (aPTT), leukocytes, glucose piHdlemonstrated maximum levels
during this time window. The MC activation markéngtase and histamine also reached
their maximum values. Thereafter, lactate decreas@édl. mM/hour and the pH moved from
7.53 towards normal. Heart rate, diastolic and neetarial pressure approached pre-attack
values within a few hours (Fig 1). This peak ioaisflected in the inverse correlation
between tryptase and DAO versus histamine condemisa(Fig 2). Histamine concentrations
returned to pre-event concentrations at the ldf@$tours post admission. The patient has a
known allergy to non-steroidal anti-inflammatoryigs and therefore this drug class could
not be used to lower body temperature, which wasistently above 38.5°C until a
CoolGard system was applied. It was necessaryaahesCoolGard device for more than two
days. When cooling was stopped 24 hours after ailomsbody temperature once again
increased to 39°C. Neither vasoconstrictors nabantics were administered. Two to four
systemic inflammatory response syndrome (SIRSgr@@itvere fulfilled during the first 10

hours post admission, classifying this event asSSTRvo of the MCAS consensus criteria
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(severe recurrent mast cell activation and incrgaserum tryptase levels) were clearly
fulfilled *°. It is not possible to estimate whether Critei@®(response of symptoms to mast
cell-related or mast cell-released mediator treatmedalities) was also fulfilled, because
although the patient was treated with anti-histamredications and steroids symptoms
became life-threatening despite treatment. Theoresgto treatment is not defined in the
MCAS consensus criteria. Symptoms improved afppr@ximately 8 hours post admission
and therefor one could also consider Criterion @iHdled.

Human serum albumin and total protein concentrataectreased more significantly
compared to hemoglobin and hematocrit, reflecteal $eparation of the two dilution curves at
the peak (Fig 2, A to C). The infusion of 1000 neotrolyte solution roughly 7 hours post-
admission is seen in many figures as a decreasmgentration. Even under SIRS conditions
vascular permeability of small molecular weight afetlites like amino acids versus albumin
are unlikely to be equal, and therefore albuminedagemodilution might not truly reflect
vascular leakage. Binding of amino acids to albuaminther large proteins adds another level
of complexity. It is unknown how fast equilibratioccurs. We therefore calculated p-values
using the albumin-based hemodilution curve but edoulated the dilution curve using
tyrosine, which is a stable amino acid during fagtsepsis or other stress conditions (see
Online Repository). We did not correct any biocheahparameters for the dilution factors
shown in Fig 2C but added the normalized albumlitidn curve to all panels as a reference
where appropriate. The peak tyrosine-, albumin-raddodlood cell-based percent dilutions

during the first 10 hours post admission were c8%%, 29% and 16% respectively (Fig 2).

M etabolomics data indicate sever e endothelial cell dysfunction with concomitant 10ss of
enterocyte citrulline and ornithine synthesis capabilities

Acetyl-carnitine (Ace-C; p = 0.02) was statistigadignificantly elevated concomitant with
reduced carnitine (C) values. The Ace-C/C ratio inaseased 4-fold (p = 0.064) during the
peak, before decreasing rapidly to normal values2hours later (Fig 3, A). Creatinine was
above baseline during the attack (Fig 3, B) witoaesponding decrease in the glomerular
filtration rate by maximally 20% at the peak (datd shown). Contrary to tryptophan,
kynurenine concentrations did not decrease debpiteodilution reflected in a 1.5-fold
increased kynurenine/tryptophan ratio (Fig 3, B; .018).

Ornithine (baseline mean 106 puM; SD = 7.8 uM)utlitne (baseline mean 27.4 uM; SD =
0.08 uM) and lysine (baseline mean 214 uM; SD % 38/) decreased statistically

significantly with ornithine concentrations fallimgore than 5-fold from baseline values (Fig
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3, D). The slopes for ornithine and citrulline centration decreases are clearly steeper
compared to the albumin levels. Arginine (basetimean 69 uM; SD = 22.4 uM) is also
statistically significantly reduced more than 2efol'he functional small bowel length (fSBL)
estimated based on the citrulline concentratiomedsiced almost 20-fold during the MC
activation peak with lowest citrulline (SD) levels6.9 (0.39) pM®?°(Fig 3, D).The
coefficients of variation (CV) for all duplicatesed for calculating the fSBL are below 7%.
This proxy for the functional integrity of the erteytes decreased rapidly at a rate of 11
cm/hour (R = 98%) corresponding to 11% of BL level beforecteag 6% of BL at the peak
of the attack. The fSBL only returned to 60% of ®llues 72 hours post admission. These
metabolome derangements are also reflected innti@ecourse of various ratios related to
arginine metabolism and transport, with some ratioeeasing more than 250% during the
peak (Fig 3, E). Ratios have the advantage thgtdineumvent dilution effects assuming
components show similar permeability and diffudb@mavior. Since lysine decreased more
compared to arginine, the arginine/lysine ratio@ased 1.5-fold during the acute phase. The
arginine breakdown products asymmetric and symmeimethylarginines (ADMA and
SDMA) increased statistically highly significan{ly-value 0.0063 for ADMA and SDMA)
with corresponding strong and statistically sigrafit decreases of more than 2-fold in the
arginine/ADMA and arginine/SDMA ratios before ratimg to above BL values after 72
hours (Fig 3, F).

The essential amino acid phenylalanine (p = 0.(d9 thie only amino acid statistically highly
significantly increasing over time (Fig E15). Tyimes concentrations follow roughly the
course of albumin hemodilution albeit 10 to 20%dowand therefore the increase in the
phenylalanine/tyrosine ratio is mainly driven bgr@ased phenylalanine levels (Fig 2A and
B, Fig E15). The data from other amino acids anthbwites are shown in the Online
Repository Fig E15.

After 72 hours most amino acids, with the excemiohcitrulline, 4-hydroxy-proline and
especially glutamate, not only returned to baseatm&centrations but increased on average to
170% (Fig 3, G). Interestingly, arginine increag&@% to 173 uM, which corresponds to a
511% elevation compared to the bottom level of B#during the zenith of the attack.

Glutamate decreased to 31% of baseline concemigatid hours after admission.

Massive depletion of most lysophosphatidylcholine (L PC) lipids during mast cell

activation but unchanged autotaxin (AT X) antigen concentrations
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Although several of the 14 lipid classes show stigally significant increases or decreases
compared to baseline using weighted average célmoda(Fig 4, A and B), the differences
are within +/- 40% compared to baseline. We hypsiteethat the diffusion properties of
lipids during vascular leakage are more similaaltoumin and therefore follow the BL
normalized albumin concentrations with importantideéons. Many measured lipids are
incorporated into large lipoprotein particles. Tdhear exceptions of the analyzed lipids were
LPC and LPC-O variants with a massive and stasiyidighly significant decrease during
the MC activation attack probably starting hourtobethe peak (Fig 4, B). Using baseline as
0 time point in the first 7 hours post admissioa tfPCs decrease following an exponential
decay curve with a rate of 26%/hour’@R0.99). In total 170 pM LPCs were degraded using
the baseline mean (weighted mean CV) of 202 (126®Rb)ps starting value. This is on
average a 6.7-fold decline. More details abouintlest abundant glycerophospholipids are
presented in Fig 4C to 4F. Some phosphatidylintss{tzaseline mean 122 uM; weighted CV
21%), phosphatidylethanolamines (baseline mean\23xeighted CV 24%) and
phosphatidylserines (baseline mean 698 uM; weigB¥d 4%) showed the highest
concentrations during the symptom peak with ragidide over the next three hours (Fig 4E
and 4F). Phosphatidylcholine (baseline mean 943wéighted CV 9%) concentrations
decreased with the rate of hemodilution (Fig 4, sphingomyeline variants (baseline
mean 276 uM; weighted CV 9%) are stable lipids wiihimal variation compared to the
albumin concentration curve (Fig E16). Many of 8@etriacylglyceride (TAG) variants
showed strongly reduced concentrations in conteasg¢veral diacylglycerides (DAG) with
increased levels (Fig 4, A versus Fig E16). Théedent lipid classes including most LPCs
returned to or exceeded baseline concentrationtasito the amino acids and other
metabolites 72 hours post admission (Fig 4, A-tarkd Fig E16).

Fig 5A shows all LPC curves and with the exceptbhPCs 20:4, 22:4, 22:5 and 22:6 all
LPCs showed robust > 3-fold decreases comparedslibhe concentrations. The most
profound decreases of more than 10-fold were medswith the low abundant LPCs 14.0
and 20:0. The most abundant LPCs 16:0, 18:0, 18i118:2 (>90% of all PLCs) degraded
with 27%/hour in the first 7 hours. Some LPEs, whace also substrates for ATX, albeit with
reduced LPA generation rate compared to B€decreased more than 4-fold (Fig 5, B).
The ATX antigen concentrations followed the albumumve (Fig 5, C), whereas the plasma
choline concentrations correlate with the decre&as¥d levels (Fig 5, D).

The absolute concentrations (UM) of the differammified amino acids, metabolites and

lipids are provided in the Online Repository Exedé E1. All p-values comparing the
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concentrations of metabolites, lipids and ratiosrdpthe first 10 hours with baseline are
provided in Table E1 and E2. The mean baselineboéta and lipid concentrations of this
patient obtained 11 months apart four years eahequite similar to the NIST SRM1950
standard plasma values (Fig E11 and Fig E12).

12
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DISCUSSION
The baseline histamine concentrations in this negisis patient are circa 4 ng/ml compared

to a peak of 30 ng/ml during the zenith of the MiBhvation event. This was reached
approximately 6 to 8 hours after admission, and tr@pped rapidly to concentrations
approaching baseline 3 hours later. The plasmarhise concentrations in healthy
individuals are<1 ng/ml. The local histamine concentrations inugswith high mast cell
density were probably manifold higher considerimigistitial mean histamine concentrations
of 7.4 ng/ml in normal skffi. A few hours after admission, plasma tryptase RA®D
concentrations rapidly increased with tryptaseledecreasing after the event peak. The
release of tryptase and DAO is very likely accom@aiby increased plasma heparin, heparan
sulfate and/or serglycin concentrations. These outés are released from MCs and possibly
reflected in the 5-fold elevated aPTT at the zefutlowed by a rapid declifé* Both DAO

and tryptase possess heparin/heparan sulfate-giddimains. The increased heparin-like
activity in the circulation might also have reled$ipoprotein and hepatic lipase providing an
explanation for the reduced triacylglyceride anct@éased diacylglyceride concentrations.
Both lipases possess a heparin-binding domain.

It is tempting to speculate that histamine wasditeng force behind many clinical

symptoms during the acute phase 3 to 8 hours afii@ission. Several parameters such as
histamine, tryptase, DAO, glucose or aPTT rapidbyreased during this pre-peak period.
Others including pH, lactate, heart rate and dieslbbood pressure returned to almost
baseline values within 4 hours after the histarpeak. Elevated histamine concentrations
activate several signaling pathways in endothebtls causing not only nitric oxide synthesis,
vasodilation, vascular leakage with plasma exudatind edema formation but also synthesis
of prostaglandin,| a potent vasodilator, modified cell adhesion agening of adherent
junctions allowing easier leukocyte migratfof® The increased permeability is reflected in
the more pronounced reduction of protein versughesgyte concentration markers.
Temporal amino acid profiles indicate more extemsiad molecular weight dependent
vascular leakage beyond leakage extrapolated a#imgnin concentrations. The interstitial
fluid compartment is at least 3-fold larger complaieethe plasma volume and small
metabolite concentrations might be rapidly reduocgalasma during increased vascular
leakage with albumin and proteins lagging behindtafine-mediated endothelial cell
activation with enhanced vessel permeability might key pathophysiological process

during protracted MC activation.
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Considering that most of the MCs are located inuhg, skin and small intestine (Online
Repository Table E4), these organs might be seyvaffdcted by vasodilation,

hypoperfusion, increased tissue pressure and hgp8xirprisingly, the patient did not show
any bronchospasm but was suffering from a genelfiish without urticaria indicating skin
hyperperfusion with minimal vessel leakage. Thitgra suggests that MCs are not generally
activated, and if activated, the consequencesartha same when comparing skin and
intestine. Alternatively, mast cell distributionght differ between those organs in this
mastocytosis patient.

The patient vomited multiple times and sufferede@xie nausea. The metabolic functioning
of the small intestinal enterocytes was severetgmromised based on an almost 20-fold
reduction in the functional integrity of the smiatlwel using the citrulline plasma
concentrations as proxy for enterocyte “hedfthCitrulline is almost exclusively synthesized
in the mitochondria of enterocytes. The lowest emi@tion of citrulline during the MC
activation event was 6.9 uM compared to baselime@atrations of 27.4 uM. At < 10 uM
citrulline levels in-hospital survival decreasegrsficantly in critically-ill patient§’.

Citrulline is synthesized from ornithine and comsidg that ornithine is even more decreased
compared to citrulline, the primary defect mighv@&®een upstream of ornithine synthesis.
Citrulline and ornithine were decreased 4- andfél@+espectively at their lowest
concentrations compared to baseline. The low glatarmoncentrations 72 hours after
admission (31% of baseline) could be caused byntease recovery/anabolic generation of
ornithine, citrulline and finally arginine usingetlsame precursor glutamate. Enterocyte
function was unlikely normalized at this time prdivig another explanation for the deficit in
returning to normal concentrations in contrast tishother metabolites and lipids exceeding
baseline levels 72 hours post admission.

The steady increase in C-reactive protein leveltduhe first 24 hours post admission might
have been also influenced by translocation of becteom the lumen of the gastrointestinal
tract because of severe hypoxia and possibly spmgtasis and necrosis. Histamine has been
described as causing not only vascular leakagalbatdisruption of the epithelial cell barrier
function allowing more microbial translocatfénThe tips of the villi of the small intestine are
especially sensitive to hypoxia, because of thextmaurrent blood flow anatorffy The
presence of pathogen- or damage-associated maigaitarn molecules (PAMPs and
DAMPSs) followed by activation of pattern recogniticeceptors might contribute to the

MCAS pathophysiologf. Heparan sulfate and heparin, both released fidivated mast
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391 cells, are considered to be DAMPs activating TLBeeptors on endothelial cells like

392 lipopolysaccharidés.

393 At the peak of the attack lactate concentrationswaeyhly elevated at 7 mM but dropped
394 rapidly at 1.1 mM/hour with a half-life of 153 mitas. The physiological half-life of

395 increased lactate concentrations after exercismuiighly 10 to 20 minutes, an at least 7-fold
396 faster rat®. The positive correlation with decreasing histaerlgvels is striking. We

397 hypothesize that because of reduced histamine ntmatiens, vascular leakage and edema
398 formation decreased with increased oxygen supppenfusion and consequently lactate
399 clearance. Lactate concentrations can be highiyatdd in anaphylaxis. Guerci et al. (2020)
400 published that using multivariate analysis onlytdée was a predictor of death in 339

401 anaphylaxis cases admitted to the intensive caté-uim a dog anaphylaxis model lactate
402 strongly increased and gastrointestinal blood fb@werely decreased and was still 60%
403 reduced after 180 minutes, although the mean arfenéssure and liver blood flow had

404  already returned to normal (Fig E3%)The rapid normalization of the acetyl-carnitine t
405 carnitine ratio within less than 3 hours after sgenptom peak suggests that some reversible
406  mitochondrial dysfunction was present as has besaribed in sepsis patiefits

407 Based on the reduced arginine, elevated phenyta#égiosine ratio (see below) and

408 increased ADMA and SDMA concentrations and theeeBpe increased/decreased ratios
409 endothelial cells were likely severely dysfunctibwéh uncoupled nitric oxide synthesis and
410 release of superoxide, a highly reactive and dangagidical. Arginine concentrations

411 dropped to 37 uM, which is clearly below thg for the CAT-1 transport&t. Comparable
412 reductions of arginine, but also citrulline anditmme levels, have been described in sepsis
413 patient§>>" The same has been seen in malaria with a stamelation with lactate

414 concentrations and endothelial cell dysfunctfom pediatric malaria, arginine, ornithine and
415 citrulline were reduced in a fashion comparabléwitr dat®®. In a meta-analysis the overall
416 mean drop of arginine between sepsis patients amuiats was 34 pM or 41% The lowest
417 arginine concentration in our data correspondsdmp of 37 UM or 47%.

418 Both dimethylarginines ADMA and SDMA increased, siaug a two-fold reduction in the
419 arginine/ADMA and arginine/SDMA ratios. Both ratiosrrelate with morbidity and

420 mortality in sepsis patients>>>° A two-fold reduction increased mortality approxitaly

421 30% in sepsis patients with survivors demonstragiggificantly higher ratioS. ADMA is a
422  potent inhibitor of endothelial nitric oxide syntigg whereas SDMA competes with transport
423 of arginine into endothelial cells. The half-life ADMA, but not SDMA, is controlled by

424  dimethylarginine dimethylaminohydrolase (DDAH), whiis sensitive to
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nitrosative/oxidative stress and therefore DDAHition could have been responsible for
increased ADMA concentratio?fs Despite high intracellular arginine it is extrékar

arginine levels which are the key determinantsN®8 activity* ™2 Plasma arginine levels
were significantly reduced during the MCAS event.

The phenylalanine/tyrosine ratio increased alm08€& indicating that the phenylalanine
hydroxylase was dysfunctional. This effect wasliikeaused by a deficit in the essential
cofactor tetrahydrobiopterin (THB4). Endothelial R@nd phenylalanine hydroxylase are
dependent on THB4, which is highly sensitive toasiative/oxidative stres We did not
measure nitrosative/oxidative stress, but a peahtiaconcentration of at least 7 mM
combined with an almost 20-fold reduction in entgte functional “health” and robust
histamine-induced nitric oxide synthesis under kypaonditions with uncoupling of eNOS
makes the presence of nitrosative/oxidative stnggdy likely. The statistically significantly
increased homocystine concentrations despite héutiodi reflect elevated oxidative strés
Based on data from phenylketonuria heterozygotemsta mean (SD) peak
phenylalanine/tyrosine ratio of 2.7 (0.04; normalines 1.14), also seen in human and
monkey infections, and a mean (SD) peak phenylaéftyrosine ratio of 260 (16.3; normal
values 118) implies that the activity of the phefghine hydroxylase was severely
compromised during the acute MCAS phase and ordyta20% of normdf*’. Increased
phenylalanine concentrations have been describsefisis patient$*°

The 400% increased acetyl-carnitine to carnitini® igupports the presence of mitochondrial
stress during the zenith of the MC activation evefeduced THB4 availability also
contributes to decreased blood pressure becausetfinoradrenaline and dopamine
synthesis are dependent on THB4Finally, arginase in circulating neutrophils fmig
contribute to the reduced arginine concentratibfiie number of leukocytes more than
doubled compared to baseline during the attackipgat 14 G/L. We did not measure the
percentage of activated neutrophils, but arginaggasent in circulating neutrophils and the
doubling of the leukocyte cell number alone coudddncontributed to the arginine
concentration decline. The 1.5-fold elevated kynure/tryptophan ratio is another indication
of vascular dysfunctiof.

The most striking and totally unexpected findingidg the course of this MC activation
event is the massive depletion of most plasma L&@nts. The LPC reduction was reflected
in strongly decreased choline levels but with ndroraulating ATX antigen concentrations.
Reduced LPC concentrations have been describagpgiss malaria and trypanosomiasis, but

the mechanisms have never been defifidWhat caused the depletion of LPCs, which are
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derived from phosphatidylcholine via phospholipAs€PLA,) activity? Widespread catalytic
inhibition of the numerous PLAenzyme variants is an option but is unlikelysihbt clear
whether LPC depletion happened in the plasma trannterstitial compartment. High local
concentrations of histamine cause vessel leakady@@X might have been readily diffused
into the interstitium. In sheep intravenously adstgred radioactive albumin reaches 45% of
plasma concentrations in lung lymphatic fluid witldi hours without histamine and is likely
to reach higher percentages more rapidly witramgte and lysophosphatidic acid (LPA),
which can also induce vascular leakdg® Intriguingly, ATX is secreted from human
gastro-intestinal MC%. Activation of endothelial cells exposes activeegrin binding sites

for ATX. The binding of ATX to cellular membranesessential for efficient ATX

activity?"®2 Exosomes bind ATX and it is tempting to specuthse ATX also binds to
exosomes released from M&& Exosome-bound ATX is active and considering that
exosomes are circulating in mastocytosis patiemdstiaat the number is significantly
increased during MC activatibrexosome-bound ATX could deplete LPC in plasma.
Rodent MCs also release large extravesicular strestwith heparin as the main

component. We are tempted to hypothesize that the Ad¥ariant, which contains a
heparin-binding domain, binds to these membranetsires and remains actfveThis ATX
variant might have been released from matrix-assediheparan-sulfate proteoglycans
followed by integrin interaction with activated extkdelial cells and local LPA release and
LPA receptor activation. The plasma ATX concentrativould not be increased. The release
of exosomes or other extracellular vesicles frotivated MCs might be reflected in the
increased plasma concentrations of some phosphatidijol and phosphatidylserine variants
at the zenith of the attack. This would be a rai@xplanation for the clear peaks during
increasing hemodilution and rapid decline withii@a hours after the event’s peak.

About 170 uM LPCs are “missing” from the baselif®d_plasma pool degraded within a few
hours. If such an amount of LPA is locally relegsedill likely contribute to the
pathophysiology. Lysophosphatidic acid inducesamdy vascular leakage and plasma
exudation but also histamine release from MCstiro\and in vivo. This positive feedback
loop might significantly contribute to the sevesgbperfusion and hypoxia in the gastro-
intestinal trac®>° (Fig 6). This signaling lipid also up-regulates&ectin and VCAM
expression in human endothelial cells in vitro.dng of LPA to human endothelial cells
increased neutrophil/endothelial cell interactiansd therefore LPA activates endothelial cells

allowing more ATX binding and local ATX activity dr_PA releas¥.
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Three important issues must be discussed. Firgieisise of the two baseline samples
appropriate? They were drawn four and five yearisee@and 11 months apart, and were
compared to four duplicate samples drawn duringatteeck. The use of the mean and more
importantly the variance of the two baseline samfide statistical analysis is conservative
because of the long time gap between withdrawaigkhErmore, it has been shown in
hundreds of samples that the metabolome includandsl is highly stable in most individuals
over four or even seven ye& The mean ratios of “fresh” samples divided byednyold
samples (n = 1409) are remarkably stable (Fig 18)certain metabolites are consistently
unstable, the mean concentrations must be lowikeid year old samples and this should
have resulted in ratios > 1. Using the same I&amples from the acute episode after
baseline-normalization should have started at watu#00%, but this is not what we saw.
Falsely reduced levels at the 4 hour after admmstéoe point would indicate that metabolites
increase in concentration during storage. We ar@aware of studies describing such an
effect. Finally, instability can also not explahetsteep slopes of ornithine, lysine, citrulline
or many LPC variant concentrations in samples dutie acute phase of the episode. These
samples have been stored equally long.

We therefore believe that the use of these basstin®les is appropriate and this is also
reflected in the data 72 hours after admission witist amino acids, metabolites and lipids
not only returning to but exceeding the baselingceatrations.

Are the measured perturbations in the metabolorddipidlome data caused by fasting and
administered steroids? Limited space does not ditowa discussion here and therefore we
added published data to the Online Repository. BBasehese data it is highly unlikely that
the key findings are significantly influenced ettly fasting and/or administered steroids.
We also added short paragraphs about possibleetrigglecules and therapeutic
considerations to the Online Repository.

Considering the n = 1 nature of the study, staaésignificance testing was confined to
overall deviations of metabolite concentrationsmtyithe event compared to baseline levels.
It is a limitation of the study that the statistisggnificance of differences between single
values during the event remains unknown and tlesetialifferences can only be descriptively
assessed.

Several mast cell activation events feature imtleelical history of this patient. These have
demonstrated fever, generalized flush, nausea,tiavand hypotension but an infectious
cause was never verified. We cannot exclude theente of an infection on the metabolic

and lipidomic derangements but in this event thease also no infection found. Fever can be
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526 a prominent symptom during mast cell activatiofi. In the published cases no infection was
527 diagnosed and antibiotic treatments were ineffectin the Stefanini 2012 case report and the
528 2 cases described in Hot 2009 fever of unknownimomgs the only symptom finally leading
529 to the definite diagnosis of systemic mastocytdsishe other cases nausea, vomiting, flush,
530 hypotension and varying additional symptoms accongubfever. Therefore, fever possibly
531 induced by interleukin-1 release from activatedtnesais can accompany mast cell activation
532  without involvement of an infectidh Nausea, vomiting and epigastric pain, presetién

533 acute phase of this mast cell activation event,beadirectly explained by elevated histamine
534 concentrations and indirectly by severely redudeddflow in the gastrointestinal tract.

535 In conclusion, metabolomics and lipidomics chanazé¢ion of a severe MC activation event
536 demonstrated massive depletion of LPC with releds€A. A severe dysfunction of the

537 small intestine with an almost 20-fold reductioremterocyte “health” was reflected in

538 strongly reduced citrulline and ornithine concetitras, likely secondary to endothelial cell
539 activation and dysfunction with hypoperfusion alygdxia. It is not surprising that in

540 mastocytosis patients the most prominent tissukidgson during MCAS is located in the
541 small intestine considering the number of MCs is tlssue (see Online Repository). A

542 positive feedback loop might have been induced Wi@degranulation causing activation of
543 endothelial cells, which consequently bind ATX a@ivated integrin receptors (Fig 6). The
544  ATX-generated LPA causes more endothelial celldst MC activation with more

545 histamine release. Histamine activates endothegidd followed by increased ATX binding
546 and local LPA generation. The definite primary gigg molecule/mechanism to start this

547 vicious cycle is unknown, but could be derived froradications, food ingredients or

548 infections, all known trigger entities of anaphytagr MC activation. In healthy subjects this
549 positive feedback loop is rarely fully activated bumastocytosis patients the increased MC
550 burden with elevated histamine and in general Mdiater release might readily allow full
551 activation of this feedback loop with life-threaiteg consequences. Stop signals for this
552  vicious cycle might be LPC depletion, MC exhaustorefficient histamine degradation via
553 heparin-released gastro-intestinal DAO. Althoughwiel from a single severe MC activation
554 event, the data provide strong and sufficient retie to test recombinant human DAO for
555 rapid histamine degradation, to supplement citrallirginine to improve nitric oxide

556 signaling, to use LPC for immunomodulation, to mhATX and/or to block LPA receptor
557 signaling as new therapeutic strategies for thetrtnent of severe mast cell activation events

558 in future clinical studies.
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FIG 1. Clinical parametersduring the severe M C activation event - Part 1

The means of several clinical parameters measuredgdregular hospital visits or during the
DAOMAST study without symptoms are shown as basqlBlL); The x-axis represents BL
and hours post admissioi#) Time course of mean (+/- SD) systolic (SYS; p 560,

diastolic (DIA; p = 0.003), heart rate (HR; p =@0Q) and mean arterial pressure (MAP, p =
0.002) during BL and hours post admission; BL detae derived from 24 measurements
over 16 symptom-free days; The values startingufpost admission were recorded in the
intensive care unit and reflect mean values oveour with multiple measuremen(®)
Temperature (TEMP; °C) and lactate (LAC; mM) cortcations;(C) Glucose (mg/dl) and
pH; the mean (+/-SD) BL glucose was derived frosydptom-free hospital visit¢D)
Activated partial thromboplastin time (aPTT; s&€)eactive protein (CRP; mg/dl); White
blood cell count (Leukos; G/L); the mean (+/- S) &TT, CRP and Leukos values were
derived from three visits 1, 6 and 10 months dfterevent{E) Administered medications
during the MC activation event; EL=electroly{E) Aspartate aminotransferase (ASAT);
alanine aminotransferase (ALAT) and gamma glutanaylsferase (GGT); the mean (+/- SD)
BL ASAT, ALAT and GGT values were derived from the&me visits as described(iD).

FIG 2. Clinical parametersduring the severe M C activation event - Part 2

In PanelsA to C the means of three baseline (BL) values withoaotgpms measured during
three regular hospital visits 1, 6 and 10 monthst puent were used as 100%. In Pabels
andE the means of four different time points with tvmalépendent EDTA plasma samples
drawn at the same time for each time point werenatized to the BL values derived from
two visits during the DAOMAST studyA) Time course of human serum albumin (HSA),
total protein (TP), the mean and tyrosine (TYR)ilyiBL without symptoms and hours post
admissionyB) Hemoglobin (Hb), hematocrit (Hct), the mean amdsine (TYR);(C) The
dilution factors (DF) using HSA and TP (DF_P; Pretpin); the DF using Hb and Hct
(DF_RBC; RBC = Red Blood Cell); on th&°3-axis the differential of the two DF curves is
shown ADFs); (D) Mean diamine oxidase (DAO, ng/ml) and tryptase YPRng/ml)
concentrations (data published in Boehm 2019E) Semiquantitative MS-based histamine
(HIST) measurements as part of the metabolomicysiegperformed at CeMM compared to
state of the art quantitative ELISA measurements\y The MUV data have been
published”; 1 ng/ml HIST corresponds to 9 nigF) Correlation between CeMM and MUV

measurements; p = 0.00021.
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FIG 3. Metabolomics data during the severe M C activation event

(A) Time course of carnitine (C; p = 0.53) and thd-aeynitines acetyl- (ACE; p = 0.02),
butyryl- (BUT), propionyl- (PRO), octanoyl- (OCThd the ratio of ACE-C/C at baseline
(BL) and hours post admission; The isovaleryl-Gadagére almost identical to C and BUT-C
(data not shown)B) Tryptophan (TRP), kynurenine (KYN), the KYN/TRRica(p = 0.02),
sarcosine (SARC; p = 0.006) and creatinine (CREA;3044);(C) Spermidine (SPD; p =
0.02), spermine (SPM; p = 0.02)amino andr-amino butyric acid (GABA, AABA) and
taurine (TAU); (D) Arginine (ARG; p = 0.034), lysine (LYS; p = 0.00@)trulline (CIT; p =
0.027), ornithine (ORN; p = 0.019) and functionmaladl bowel length (fSBL)(E) Different
amino acid ratios using the standard single letteino acid code and O for ornithine and C
for citrulline; (F) Asymmetric dimethyl arginine (ADMA; p = 0.0063yrmmetric dimethyl
arginine (SDMA,; p = 0.0063); and the ARG/ADMA (p0024) and ARG/SDMA (p = 0.038)
ratios; The 72 hours value of the ARG/SDMA rati@ %% (data not shown). In (A) to (F)
the serum albumin BL normalized data are shownr@sydor plasma dilution, if appropriate,
in the panels as dashed lif{€&) Amino acid concentrations including CIT, ORN and-4H
PRO as percent of BL 72 hours after admission;aMegage increase of 170% compared to

BL is shown as a dashed line.

FIG 4. Lipidomicsdata during the severe M C activation event

(A) Time course of the weighted means of lipid clagxkss variants normalized to baseline
(BL); the numbers before the lipid class represemtnumber of included subclass variants;
cholesteryl esters (CEs; p = 0.14); ceramides (CRRs0.35); diacylglycerides (DAGs; p =
0.012); sphingomyelines (SMs; p = 0.03); triacytglsides (TAGs; p = 0.006); L_exCE
represents all lipids except the CE clgB9;Weighted mean data of lysophosphatidylcholines
(LPC; p =0.007; LPC-O; p = 0.006); lysophosphdgttyanolamines (LPE; p = 0.006);
phosphatidylcholines (PC; p = 0.07; PC-0O; 0.26pgphatidylethanolamines (PE; p = 0.008;
PE-O; p = 0.016); phosphatidylinositols (PI; p £)and phosphatidylserines (PS; p = 0.03);
(C) Selected PCs representing 89% of all RD3$;Selected PEs representing 84% of all PEs;
PE 37:7 is not shown because it is almost identc®E 40:4(E) All Pls; (F) Selected PSs
representing 97% of all PSs; The serum albumin &loralized data (dashed line) are shown

as proxy for plasma dilution.

FIG 5. Substantial decrease of LPCsand cholineduring M C activation with unchanged

plasma AT X concentrations
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(A) Fold-decreases normalized to baseline (BL) vatdedl LPCs and all LPC-Os; The bold
empty squaresi) represent the weighted means of all LPCs exéeptaur lowest LPCs not
changing relevantly during the event; The bold gngotcles ©) represent the weighted
means of all measured LPCs; the two highest andldowest LPCs are labeled below the
graph;(B) Fold-decreases compared to BL of the 6 measurés;L Fhe sum of all LPE
variants is 8.5 pM(C) ATX concentrations were measured in duplicatevo independent
experiments; An additional sample at 3 hours pdstission was also included; The means
(+/- SD) of the two means determined in duplicaténio independent experiments are
presented; IfC) and(D) the albumin concentration curve as percent of Bis added; The
72 hour albumin value was not measured and assiineede 100%(D) The means (+/-SD)
of the choline counts per second (cps) from thedd®; p-value = 0.0004; on th&' g-axis

the cps data were normalized and shown as pert&it o

FIG 6. Possible feedback loop causing extensive mast cell and endothelial cell activation
*But DAO activity compromiset; LPC = Lysophosphatidylcholine; LPA =
Lysophosphatidic acid; HIS = Histamine, DAO = Diamioxidase; EC = Endothelial cells;
MC = Mast cells; CIT = Citrulline; ORN = Ornithin&TX = Autotaxin; IF = Interstitial
fluid.
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Boehm et al.
Additional methods from the main manuscript:

Lipidome and metabolome analysis

For metabolomics and lipidomics analysis we used &plasma from two BL visits during
the DAOMAST study and four different time pointsrig the attack. At each time point two
independent EDTA plasma samples were collected avithwithout a final concentration of
20 uM diminazene aceturate, which was added toyeEIPT A plasma collection tubes
before the blood draw. Diminazene aceturate wasdtinhibit DAO from degrading
histamine. The 10% volume increase caused by adidendiminazene solution was corrected
in the final analysis data set. The last sampledva#/n as a single sample 72 hours after
admission to hospital. In total 11 EDTA plasma skemprawn at five different time points in
duplicate and one singlicate sample were analyzéiaei same liquid chromatography mass
spectrometry (LC-MS) run. All blood samples frone DAOMAST study and the MC
activation event were immediately placed on icaspia was derived within 30 minutes and
then frozen at -80°C.

For choline presentation the raw counts per se¢opg) were used. Asymmetric and
symmetric dimethylarginines (ADMA and SDMA) wereaniified using the arginine

standard.

Lipidome analysis

For lipid extraction 20 pl of the samples were $farred into a glass vial and 10 pl internal
standard solution (SPLASH® Lipidomix®, Avanti Polapids, Alabaster; AL) and 140 ul
methanol were added. After vortexing 500 ul meteyt-butyl-ether (MTBE) were added and
the mixture was incubated in a shaker for 10 mirmam temperature (RT). A phase
separation was induced by adding 130 ul MS-graderwAfter 10 min of incubation at RT,
the samples were centrifuged at 1000 g for 10 mmaliquot of 450 ul of the upper phase
was collected and dried under nitrogen. The sanvpége reconstituted in 200 pl methanol
and used for LC-MS analysis.

The LC-MS analysis was performed using a VanquistPLUC system (TFS = Thermo Fisher
Scientific, Waltham; MA) combined with an Orbitr&psion™ Lumos™ Tribrid™ mass
spectrometer (TFS, Waltham; MA). Lipid separaticasvperformed by reversed phase
chromatography employing an Accucore C18, 2.6 158,X12 mm (TFS, Waltham; MA)
analytical column at a column temperature of 338R€mobile phase A an acetonitrile/water

(50/50, v/v) solution containing 10 mM ammoniumnfate and 0.1 % formic acid was used.

2
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Boehm et al. 3

Mobile phase B consisted of acetonitrile/isopropaveter (10/88/2, v/viv) containing 10 mM
ammonium formate and 0.1% formic acid. The flovenats set to 400 pl/min. A gradient of
mobile phase B was applied to ensure optimal séparaf the analyzed lipid species. The
mass spectrometer was operated in electrospragaibom (ESI)-positive and ESI-negative
mode, capillary voltage 3500 V (positive) and 380(hegative), vaporize temperature
320°C, ion transfer tube temperature 285°C, shgas$l60 arbitrary units, auxiliary gas 20
arbitrary units and sweep gas 1 arbitrary unit. Ohnleitrap MS scan mode at 120000 mass
resolution was used for lipid detection. The s@ge was set to 250-1200 m/z for both
positive and negative ionization mode. The autorrgain control (AGC) target was set to
2.0e5 and the intensity threshold to 5.0e3. Tha dapendent MS2 scan using high energy
collision-induced dissociation (HCD) and collisiorduced dissociation (CID) with fixed
collision energy mode set to 35%. The data analyas performed using the TraceFinder 4.1
software (TFS, Waltham; MA). Lipid class specifsoiopically-labeled internal standard

signals were used to obtain semi-quantitative \&afaelipids.

M etabolome analysis

Ten pl of samples was mixed with 10 pl of an isatally-labeled internal standard mixture
in a hydrophobic 96-well filter plate. Aliquots 800 ul of methanol were added and mixed
for 20 min at 450 rpm. Afterwards the sample extraeere collected in a 96-well plate by
centrifugation of the filter plate for 5 min at 50A Vanquish UHPLC system (TFS,
Waltham; MA) coupled with an Orbitrap Q Exactivd=g, Waltham; MA) mass spectrometer
was used for the LC-MS analysis. The chromatogagéparation for samples was carried
out on an ACQUITY UPLC BEH Amide, 1.7 um, 2.1 x 1@dn analytical column (Waters
Corporation, Milford; MA) equipped with a VanGuaBEH C18, 2.1 x 5mm pre-column
(Waters Corporation, Milford; MA). The column wasmtained at a temperature of 40°C
and 2 pl of the samples was injected per run. Tbeilmphase A was 0.15% formic acid
(v/v) in water and mobile phase B was 0.15% foraa (v/v) in 85% acetonitrile (v/v) with
10 mM ammonium formate. The gradient elution wittosv rate 0.4 ml/min was performed
with a total analysis time of 17 min. The Orbit@Exactive (TFS, Waltham; MA) mass
spectrometer was operated in an ESI-positive matkespray voltage 3.5 kV, auxiliary gas
heater temperature 400°C, capillary temperaturé3%sMd auxiliary gas flow rate 12. The
metabolites of interest were analyzed using aMi8lscan mode with a scan range of 50 to
400 m/z, resolution 35000, AGC target 1.0e6 ancagimum integration time of 50 ms. The

TraceFinder 4.1 software was used for the datagssig. Seven-point linear calibration
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Boehm et al. 4

curves with internal standardization and 1/x weighivas constructed for the quantification

of metabolites.

Other measurements

Autotaxin (ATX) antigen was determined in duplicatng the ENPP-2 ELISA from R&D
Systems (DENP20; Bio-Techne Ltd., Abingdon, UK)mmodifications. The instructions in
the manual do not recommend using citrate or EDIB&mpa because calcium ions are
necessary for the kit to perform properly. We tfaneeused the low cross buffer (LCB) from
CANDOR Bioscience (Wangen, Germany) instead obilfiters RD1-34 and RD5-10.

EDTA plasma samples were diluted 1 to 30 in LCB 458d pl added to the anti-ATX
antibody pre-coated microtiter plates. The rema@rsiteps followed the manual. The ENPP-2
ELISA was repeated and the means (+/-SD) of thentwans derived from duplicates are
presented. The Fof the two correlations between absorption units ATX standard
concentrations were >0.98 and the mean coefficewariation (CV) of the ATX standard
concentrations between 3 and 50 ng/ml was 2.99%24dr®d in the two independent
experiments. All measured values were between 8®amg/ml of the standard curve before

dilution corrections.

Statistical analysis

For amino acids, metabolites, amino acid/metaboditeos and lipids the mean of duplicate
measurements at baseline (BL), 3.8, 6.0, 6.9 antl A6urs post admission (0 hour) were
used for further calculations. The 72 hour timenpavas not included. The lipids within the
same class but different fatty acid residues weoelgqd by summing the measured

concentrations of the various subtypes.

To assess deviations of the amino acid/metabalttes the concentrations of two amino acids
or metabolites during the attack were comparedhéobaseline ratios. The null hypothesis of
equal mean values of the ratio prior to and dutivgattack was tested. This was performed
using a two-sample t-test in a general linear mddmhework, which considers possible
correlation of values measured during the attacksplwith short time intervals. We assumed
an autoregressive correlation structure duringatteck, meaning that the correlation between
two values with time-intervas is given byp?. The correlation parametprwas estimated by
maximume-likelihood under the assumption of a lingare-trend and normally distributed
data. Baseline values were regarded as indepenruksduse they were obtained with

sufficient time distance. Using the same methoe,nfean values of systolic, diastolic, mean
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arterial blood pressure and heart rate during ttaelawere compared to the baseline means.
For calculating the significance of various ratiend cardiovascular parameters

hemodilution/vascular leakage adjustment was ncéssary.

To assess alterations in the concentration of aragids, metabolites and lipids during the
attack (most data points in Fig 3 and 4), we fiatulated the relative change from baseline
by dividing each value obtained during the attagkhl® mean of the corresponding baseline
measurements. Then the relative changes were npeddly calculating the respective ratio
to tyrosine for each time-point during the atta€lgrosine is a very stable amino acid with
minimal alterations during fasting, SIRS or segsisditions, and might better reflect vascular
leakage compared to albumin (see Online Reposimryfurther details and references).
Albumin was used as reference for changes in Ipigls and as a secondary reference for
changes in amino acid/metabolite levels (see OnkRepository). This normalization
procedure was required to account for hemodiluéiod vascular leakage. Before hypothesis
testing the ratios were log-transformed to impraéveir distributional properties. The null
hypothesis was that the log-transformed ratios leaweean of zero and was tested using a
one-sample t-test in a general linear model frammkw&e again assumed an autoregressive
correlation structure and the estimation of theradation parameter was performed by
maximume-likelihood under the assumption of a lingare-trend and normally distributed
data.

To account for multiple testing we applied the Benini-Hochberg adjustment to the 70
p-values using tyrosine- and albumin-adjustment datino acids/metabolites and lipids
respectively (42 amino acids/metabolites, 14 lipid® ratios and 4 -cardiovascular
parameters). The p-values of the secondary congpags amino acid and metabolite levels
with albumin-based hemodilution/vascular leakaggusichent were not included. The
Benjamini-Hochberg adjusted p-values for these @&y comparisons using
albumin-adjustment were calculated separately ugihg-values (71 because tyrosine was
included). Adjusted p-values below 0.05 were cogrgd statistically significant controlling
the false discovery rate at the 5% level. All oddtions were performed using the statistical
computing environment R 4.0. Selected p-values iategrated into the text and figure
legends. All p-values are listed in the Online Refooy Tables E1 and E2.

The p-values for non-lipid metabolites in the maanuscript are only based on the tyrosine
hemodilution curve. For the lipids albumin was uadcomparison, because lipids are not
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freely diffusible, instead they are integrated ilyp@protein particles or exosomes or other

suitable amphipathic transport vehicles.

Additional commentsto some Figurelegendsin the main manuscript
FIG. 2

The coefficients of variation (CV) of all 4 basdi(BL) parameters (HSA [human serum
albumin], TP [total protein], Hb [hemoglobin] ana&tHhematocrit]) determined three times
over 9 months were < 4%. The 72 hours post adnmigsite point was a singlicate; Except
for Panel F the x-axis represents hours post admiss

FIG.3

The mean of two baseline (BL) values without sympgalrawn four years earlier 11 months
apart were used as 100%. The means of four difféirae points with two independent
EDTA plasma samples for each time point drawn atstime time were normalized to the BL
values; The 72 hours post admission time point dat& derived from a single plasma
sample; The 72 hour time point for albumin wasmetsured but assumed to be 100%; The
x-axis in all panels except F represents hours gastission and the y-axis percent of BL; p-
values correspond to comparison with the tyrosinéR) concentrations except for ratios.

FIG.4

The basic method to generate these panels is sitmithe description in FIG 3; The x-axis in
all panels represents baseline (BL) and hoursaursission and the y-axis percent of BL; p-
values correspond to comparison with albumin cotmagans.

Concentrations of quantified amino acids, metabolites and lipids

All concentrations of the different amino acids,taimlites and lipids used for calculations
are provided in the Online Repository Excel File E1

Summary of all p-values comparing metabolite and lipid concentrationswith the

albumin and tyrosine concentration curves during thefirst 10 hoursof the event

Albumin concentrations are normally used to estinfemodilution or hemoconcentration,
vascular leakage or edema formation but albumanlaage molecule and the concentrations
between plasma and interstitial fluid compartmenikely equilibrate immediately. When we
analyzed the data it immediately became obviousdiiang the acute phase with high
histamine concentrations metabolite concentratilvopped more rapidly compared to
albumin. The most reasonable explanation woulchbean acute increase in

permeability/vascular leakage “moved” small molesuike amino acids and other

6
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metabolites into the interstitial fluid more quigkhan they “moved” albumin. We did not see
this phenomenon with lipids because hydrophobiddiglo not freely diffuse. They are
mostly integrated into lipoprotein particles maidftarger compared to albumin.
Consequently we compared metabolite with albumirceatrations but we also used tyrosine
concentrations to calculate statistical signifiebecause this amino acid is stable during
fasting, sepsis or systemic inflammatory respogad®me (SIRS). During 36 hours of
fasting, tyrosine was statistically not signifidgnmeduced by 16% After steroid treatment

the ratio of treated versus untreated after 18auas 1.03 Tyrosine concentrations did not

change in sepsis or during stress, today classifie8IRS*.

v
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TABLE E1: p-values of metabolite concentrations compared to albumin and tyrosine

concentrations during the acute phase of the MCAS event

Adjusted Adjusted

Amino acid/M etabalite Abbreviation p-value p-value Direction
HSA TYR

4-Hydroxyproline 4H-PRO 0.0100 0.0063 DOWN
5-Hydroxylysine BH-LYS 0.0327 0.0185 upP
Beta-Alanine B-ALA 0.5474 0.4629
Butyrylcarnitine BUT-C 0.1712 0.4844
Carnitine C 0.2913 0.5259
Citrulline CIT 0.0280 0.0270 DOWN
Creatinine CREA 0.0708 0.0447 UP
DL-Homocystine HcySS 0.0327 0.0185 UuP
Gamma-Aminobutyric acid GABA 0.0100 0.0270 DOWN
Glycine GLY 0.0522 0.1259
Histamine HIST 0.0466 0.0467 UP
Isovalerylcarnitine ISO-C 0.4462 0.9758
Kynurenine KYN 0.6201 0.0818
L-Acetylcarnitine ACE-C 0.0225 0.0197 UP
L-Alanine ALA 0.8355 0.3490
L-Alpha-aminobutyric acid AABA 0.1712 0.3390
L-Arginine ARG 0.0189 0.0338 DOWN
L-Asparagine ASP 0.0457 0.0507
L-Glutamic acid GLU 0.0327 0.0284 DOWN
L-Glutamine GLN 0.3633 0.5821
L-Histidine HIS 0.0457 0.0673
L-Isoleucine ILL 0.0327 0.0380 DOWN
L-Leucine LEU 0.0532 0.3193
L-Lysine LYS 0.0142 0.0063 DOWN
L-Methionine MET 0.9860 0.0689
L-Octanoylcarnitine OCT-C 0.6201 0.0380 upP
L-Phenylalanine PHE 0.0315 0.0102 UP
L-Proline PRO 0.0224 0.0185 DOWN
L-Serine SER 0.0225 0.0185 DOWN
L-Threonine THR 0.0274 0.0185 DOWN
L-Tryptophan TRP 0.0466 0.0725
L-Tyrosine TYR 0.0517 NA
L-Valine VAL 0.0457 0.0891
Ornithine ORN 0.0195 0.0185 DOWN
Propionylcarnitine PRO-C 0.5197 0.7801
Sarcosine (N-methyl glycine) SARC 0.0311 0.0058 upP
Spermidine SPD 0.0522 0.0236 UP
Spermine SPM 0.0327 0.0185 UP
Taurine TAU 0.0520 0.1474
Asymmetric dimethyl-arginine ADMA 0.0274 0.0063 uP
Symmetric dimethyl-arginine SDMA 0.0212 0.0063 UpP
Chaline CHOL 0.0095 0.0004 DOWN

Bold = p-value <0.05; bold and underlined = p-value <0.01; UP = Increased and DOWN =

decreased concentration time course compared aanaltor tyrosine concentrations; na = not
applicable; All p-values have been adjusted fortiplal testing using the method of Benjamini-

Hochberg.
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214 TABLE E2: p-valuesof lipid concentrations compared to albumin and p-values of ratios
during the acute phase of the MCAS event

215
216

217
218
219
220
221

Amino acid/metaboliteratios Abbreviation Adjusted Direction
p-value
Kynurenine/Tryptophan ratio KYN/TRP 0.018 UP
Acetylcarnitine/Carnitine ratio Ace-C/C 0.064
Ornithine/Citrullineratio OIClI 0.027 DOWN
Arginine/Ornithine ratio R/O 0.053
Arginine/Lysine ratio RIK 0.053
Arginine/(Ornithine + Lysine) ratio R/(O +K) 0.055
Arginine/(Citrulline + Ornithine) ratio R/(Ci + O) 0.063
Phenylalanine/Tyrosineratio PHE.TYR.ratio 0.018 upP
Arginine/ADMA ARG/ADMA 0.024 DOWN
Arginine/SDMA ARG./SDMA 0.038 DOWN
Lipids Abbreviation p-CgljuueSt:dSA Direction
Cholesteryl esters CE 0.1378
Ceramides CER 0.3482
Diacylglycerides DAG 0.0115 uUP
Sphingomyédines SM 0.0342 DOWN
Triacylglycerides TAG 0.0063 DOWN
L ysophosphatidylcholines LPC 0.0067 DOWN
L ysophosphatidylcholines LPC-O 0.0063 DOWN
L ysophosphatidylethanolamines LPE 0.0063 DOWN
Phosphatidylcholines PC 0.0689 DOWN
Phosphatidylcholines PC-O 0.2575
Phosphatidylethanolamines PE 0.0082 upP
Phosphatidylethanolamines PE-O 0.0160 DOWN
Phosphatidylinositols Pl 0.0995
Phosphatidylserines PS 0.0332 UP

Bold = p-value <0.05; bold and underlined = p-value <0.01; UP = Increased and DOWN =

decreased concentration time course compared anaitconcentrations for lipids. Ratios do not need
to be normalized using albumin or tyrosine; All glyes have been adjusted for multiple testing using

the method of Benjamini-Hochberg.
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222 Influence of fasting and prednisolone

223 Effect of fasting on the metabolome and lipidome

224  The mastocytosis patient was fasting for roughlyh@0rs from the first symptoms to the

225 improvement in clinical parameters after the pe&lo@rs post admission. In obese subjects
226 who had been fasting for 3 to 5 days only the dmadachain amino acids valine, leucine and
227 isoleucine increased significantly, whereas arginornithine and citrulline decreased by less
228 than 20% with no changes in phenylalanine and iyedsin the mast cell activation

229 syndrome (MCAS) event ornithine, citrulline, argiaj valine and leucine strongly decreased
230 (Fig 3 main manuscript). Two comprehensive metainats and lipidomics data sets

231 featuring healthy volunteers who have been fagon@6 hours have recently been published
232 by Krug (20125 and Rubio-Aliaga (2011) The patterns in comparison with the MCAS event
233 are only minimally congruent. In the following figu(Fig E1) the amino acid changes after
234 36 hours of fasting are shown using the data frami®RAliaga’s (2011) suppleménfrhe

235 baseline plasma samples were drawn after overfagting and fasting was continued for
236 another 24 hours. Arginine, citrulline and ornighichanged minimally. The only amino acids
237 which increased were the branched chain amino aaiitse, leucine and isoleucine. This is
238 comparable to the Felig et al. (1969) studsportantly, ornithine does not change at alhwit
239 citrulline showing a 19% reduction. The reductiamproline and hydroxyl-proline are also
240 seen during the MCAS event. Methionine followeduatlin-based hemodilution during

241 MCAS, whereas it decreased by more than 50% ddiasting. In sepsis methionine is

242 sometimes greatly increased, as we saw duringvidnat @t the 72 hour time point. Elevated
243 methionine concentrations seem to be a sign ovexgand anabolism after stress. The

244  reduction in glutamate, which we saw during MC\atibn, is also partially reflected in the
245 fasting data.

246 The alterations in the carnitine (C0O) and acyl-ttare (C2) during MC activation with a

247 400% increase in the C2/CO ratio were also seengltasting in healthy subjects but to a
248 lesser extent (Fig E2). The C2/CO ratio increasiEt¥ after 36 hours of no food intake (data
249 not shown).

250

251 In Fig E3 the changes between overnight and 36siasting of 69 phosphatidlycholine (PC)
252 subclass variants are shown. There is an overalh2#éase using all PC variants or a 6%
253 increase using only the highest abundant PCs vithieM. We did not see any relevant

254 influence on PC concentrations, similar to fastohgying the acute phase of the MC

255 activation event (Fig 4 main manuscript).
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Using the described 8 lysophosphatidylcholine (LRP&)ants the weighted average LPC
decrease was 22% (Fig E4). Only the LPCs 18:0, 48d118:2 are statistically significantly
different (p<0.05) between baseline and fasting.

The mean increase of 15 sphingomyelines (SMs) Wasnhereas triacylglycerides (TAGS)
decreased by 33% (data not shown). The influenéastihg on diacylglyceride (DAG)

variant concentrations was not described.

Comparable data about amino acids and lipids heea published by Krug et al. (2012) who
enrolled 15 healthy male subjettShese are available via the following link:
http://metabolomics.helmholtz-muenchen.de/humété Krug data show a time course using
10 time points after a 12 hour overnight fast. Geédstenmueller (Institute for Bioinformatics
and Systems Biology; Helmholtz Zentrum Munich) pded us with additional data and
relevant metabolites and lipids concentrations &td.2 and 36 hours of fasting and these
data are presented in Fig E5.

The general patterns of metabolomic and lipidorh@nges during fasting are consistent with
increases in valine, leucine and isoleucine comagahs and minimal to moderate changes in
other amino acids and lipids.

Fasting under SIRS with 39°C body temperature mghdifferent, because the metabolic
rate is likely 20 to 25% increasedut fever is induced by cytokines and other meites

and they could specifically influence metabolitecentrations. We are not aware of a
publication with metabolomics data inducing eleda&mperature under non-inflammatory
conditions to possibly circumvent this “chicken-&ggoblem.

Ornithine and citrulline concentrations are notueel during fasting comparable to levels we
have seen in the severe MC activation event agdralrs of fasting. The branched chain
amino acids moved in the opposite directions. Plagaryine did not change at all during
fasting, but was statistically significantly incsea (p = 0.01 compared to tyrosine
concentrations) during the MC activation eventthia two fasting studies the LPC levels
decreased by a mean of about 20%, but we saw adagesa 6.7-fold or 85% reduction.
Nevertheless, certain SIRS conditions might indbeeautotaxin (ATX) pathway and fever,
and therefore show reduced LPC concentrations. [bnited data about LPC/LPA

concentration alterations during different inflantorg conditions have been published.

Effect of steroids on the metabolome and lipidome
The mastocytosis patient was treated with a 25@radnisolone or 2.8 mg/kg bodyweight

bolus immediately after admission, but human anchahdata after steroid treatment show
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different alterations and are unlikely causativéhef perturbations seen in the metabolome
and lipidome in this MC activation event for reasaliscussed here. Loefberg et al. (2002)
treated 9 healthy volunteers with 60 mg predniselper day (0.76 mg/kg/day) for 3 diys
and Fig E6 shows the amino acid concentration abeag percent of baseline. Most amino
acids including ornithine, arginine and lysine gesed with no delta for citrulline and
glutamate. Although these subjects were treate@ ftays, the dose was 3.7-fold lower.
Nevertheless, an important mechanism of actior@dmsolone or steroids in general is the
modification of transcription programs and theygtakany hours to respond. Most deranged
parameters in our patient were seen between 4@hadurs after administration of
prednisolone.

Recently, van Zwol et al. (2017) compared serummaracid changes in children with and
without 30 mg/kg methylprednisolone administratpsior to cardiac surgetyThe potency

of methylprednisolone is about 1.25 compared tdmisslone. They collected samples at 0,
5, 17 and 29 hours and Fig E7 shows the changasuline, arginine and glutamate
concentrations normalized to baseline with or with&teroid treatment. The zero time point
is equivalent to the time of anesthesia inductwimich was labeled as -5 hours. The reduced
citrulline concentrations after 29 hours mighteetflsome hypoperfusion and enterocyte
dysfunction of the gastrointestinal tract, but wa$y seen in the group without glucocorticoid
treatment. Arginine did not change at all. Althoubé steroid dose was high, the caveat with
this study is the age of the participants.

Six beagle dogs were treated with a high dosemg/kg/day prednisolone for 3 days and the
lipidome was analyzél We extracted the log(2)-fold changes listed igufés 3, 4 and 5 and
converted them to mean-fold changes. The datarasepted in Fig E8. The variability was
rather high with the exception of sphingomyeling®§) and phosphatidylinositols (PIs).
Neither PCs and LPCs nor PEs and LPEs were con#ystkecreased but showed a trend
towards higher concentrations.

Finally, we would like to include metabolome argidome data from Bordag et al. (2015),
who treated 20 healthy male volunteers with 30 megipisolon& Although this is a rather
low dose, they collected day-time and fasting atie® samples. We present the ratios of
steroid treatment 18 hours morning with no-treatnmeorning for selected amino acids (Fig
E9) and lipids (Fig E10). For the PC and LPC lipasincluded also the 6, 24 and 30 hour
time points.

The 250 mg bolus dose of prednisolone in the MCAf&ept was unlikely to be responsible

either for the decreases in ornithine, citrullimel arginine or for the massive depletion of
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LPCs from the circulation during the severe MC\aation event. Although the published
studies used different concentrations of steradfgrent time courses and different
populations including beagle dogs, we did not sgeems that can explain the observations

during the MC activation event.

Estimation of the number of mast cells and of the amount of total tissue histaminein

various organ systems

The average histamine content per MCs was estimeied the references listed in Table E3.
Only lung, skin and gastrointestinal tract estimasi were used to calculate an average of 3.2
pg histamine per human MC.

TABLE E3: Average histamine content in human MCs

Tissue Histaminepg/MC  Reference

Lung 2,03 Metcalfe 1979
Lung 3,25 Paterson 1976

Gl tract 2,8 Fox 1985

Skin 4.6 Benyon 1987
Mean 3,2

(Bladder 7,6 Enerbaeck 1989)
(Nasal mucosa 11,8 Enerbaeck 1989)

The following Table E4 shows estimates of the nnste content in various human organ
systems using published histamine concentratiods3ghpg histamine per MC. The human
average organ weights and the measured histamitiernton pg/g wet weight were used to
estimate the total histamine content and numb&t@$. The total length of the
jejunum/ileum was assumed to be 635 cm and thexc®6 cni*. The lengths were used to
estimate the weight of jejunum/ileum/colon baseddaotal weight of 2000 g described in
Eve 1966°.

TABLE E4: Estimation of histamine content and number of MCsin human tissues.

Organ HIST HIST  Number Percent of
weight (g) (H0/9)$$ (mg) of MCs§ HIST
Lung$ 840 11,3 9,5 3,0E+09 10%
Heart# 279 1,8 0,5 1,6E+08 1%
Jejunum/lleum* 1597 30,5 48,6 1,5E+10 50%
Colon* 403 14,1 57 1,8E+09 6%
Pancreas## 87,3 11,4 1,0 3,1E+08 1%
Liver$ 1561 1,7 2,7 8,3E+08 3%

Spleen$ 139 6,3 0,9 2,7E+08 1%
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Skin** 3860 7,5 29,0 9,0E+09 30%
Total HIST in mg 97,8 100%
Total number of MCs 3,1E+10

#Mubbunu 2018 $Molina 2012% *Eve 1966° and Hounnou 2002, **Goldsmith 1990°; ##Caglar
2012° $$Hesterberg 1984 Average histamine (HIST) content 3.2 pg/MC.
The lungs, small intestine and the skin are clettidytarget organs for local tissue histamine

effects.

Comparison of measured metabolitesin the mastocytosis patient with the NI ST
SRM 1950 compar ator

Most metabolites between the MCAS patient and tedgqal NIST SRM1950 standard are
quite similar (Fig E11). It is expected that histaenconcentrations are elevated in the
mastocytosis patient. Sarcosine (SARC) is 4.6 liadther. Although spermine appears
significantly higher, the limit of detection (LO@)r spermine is 3.3 uM (1.65 puM used for
presentation) and the MCAS sample was measured athB.

Comparison of measured lipid classesin the mastocytosis patient with the NI ST
SRM 1950 compar ator

The lipidome of the mastocytosis patient is veryikir to the NIST standard plasma (Fig
E12). The largest difference is seen with the 7Aedterol esters of 29 mM versus 65 mM for
the NIST standard. Importantly, mean LPC conceiotnatare almost identical.

Metabolites and lipid class subvariants are stable during 4 year s of storage
(Fig E13)

Gastrointestinal blood flow is severely compromised in a dog anaphylaxis model
(Fig E14)

Additional metabolomics and lipidomics data
(Fig E15 and E16)
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Additional discussion topics

What are possibletrigger mechanisms?

The patient describes upper respiratory infectasthe main trigger for MC activation events
but how an infection might lead to massive MC dagtation or activation is unknown.
Based on the time course, depletion of LPC may paseeded severe MC activation, which
started about 3 hours after admission. Degradatiu Cs likely started during the night.
Reduced LPC concentrations have been describagpgiss malaria and trypanosomiasis, but
the mechanisms were never defiffedf A reasonable hypothesis would be that SIRS
conditions activate integrin receptors on endoéheklls leading to increased local ATX
activity with LPA release activating MCs. This utiately starts a positive feedback loop
driven by histamine release itself activating ehdbal cells (Fig 6 main manuscript). If
histamine release is exhausted, because MCs arendégfed or liberated histamine rapidly
counterbalanced by the release of diamine oxida8®j, the positive feedback loop is
interrupted and conditions improve. Depletion ofd_€ould also provide a stop signal.

It is tempting to speculate that MCs per se arelirad in the development of SIRS. Heparan
sulfate and heparin are considered to be damagetassd molecular pattern molecules
(DAMPs) activating TLR4 receptors on endothelidlcike lipopolysaccharidéd Because
mastocytosis patients have a significantly incrddd€ burden, minor perturbations in the
propensity to induce more MC degranulation viaralunfection, medications or food
ingredients might tip the balance. The general imohagical concept of cellular priming
could be involved. In human MCs LPA-mediated chemekelease is increased manifold
after IL-4 primind™.

What are possible therapeutic consequences?

The most significantly affected organ during thea#ded MCAS was clearly the
gastrointestinal tract. Constriction of the splamctcirculation occurs before manifest arterial
hypotensiof’. This central pressure preservation mechanisndduate contributed to
enterocyte dysfunction. Infusion of citrulline, whiis converted to arginine in the kidneys,
alone or in combination with arginine, might hamereased arginine concentrations and
reduced the endothelial nitric oxide synthase (eN@fBoupling and release of damaging free
radical$”*® Nevertheless, increased nitric oxide synthesidchave increased not only
hypotension but also vascular leakage, tissue pressd therefore hypoxia with further
deterioration of the enterocyte function. Arginasibitors could also be beneficial
Supplementation with tetrahydrobiopterin (THB4) htigpe also considered as a new
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therapeutic option. Positive effects in sepsisa@theér conditions with endothelial cell
dysfunction have been descrifd

Based on the time course of plasma histamine ctratems rapid, efficient and continuous
degradation of histamine at admission or earlyrdpuprotracted MCAS might have prevented
the life-threatening symptoms which occurred 4 twmars later. The usage of recombinant
human DAO at the onset of symptoms should be te$tad enzyme is able to rapidly
remove histamine from human plasthdiamine oxidase will readily diffuse into the
interstitial space considering that capillarieslaeky. The histamine gradient will be
disrupted by high local DAO concentrations withueeld transendothelial cell migration of
inflammatory cells and translocation of bactemaheéalthy pregnant women the steady state
concentration of DAO in skin blister fluid, whosenasposition is considered to be equivalent
to the composition of interstitial fluid, was 12%pdasma values without excess histamine or
increased vascular leakdgeDuring inflammation this rate likely increasess@% or more as
has been shown for other protéfaglasma and interstitial fluid equilibration midrappen
rapidly under SIRS conditions with collaborativeimction of vascular leakage by potent
mediators like histamine and LFA

The attack clearly started hours before admissnohitais tempting to speculate that ATX
inhibition might have reduced depletion of LPC,imted the release of LPA and possibly
prevented full development of the attack. Onlyickh studies will elucidate the therapeutic
potential of ATX inhibitors in severe MCAS. Sevefdl X inhibitors are in clinical
developmenif. Suitable animal models of MCAS do not exist. ®@oeld also argue that the
depletion of LPC is involved in the developmensgimptoms. As described above LPC is
reduced in sepsis and other inflammatory condititmseveral animal sepsis models LPC
administration demonstrated beneficial effectstidirig reduction in mortalify It is not
clear how LPC caused these effects, but uncomyeetithibition of phospholipaseActivity
and suppression of the release of HMGBL, an inlirdae DAMP, might be involve® If
depletion of LPC causes increased inflammation,iadtnation of LPC might dampen an
excessive inflammatory response. Nevertheles® K plays an important role via increased
ATX activity, administration of LPC might increak®A concentrations with potential
negative consequences. Combined inhibition of AT/ar LPA receptor signaling with

LPC administration might demonstrate clinical bésef
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Figurelegends

FIG E1. Amino acid changes after 36 hours of fasting.
The means of UM concentrations of the differentainelites after overnight fasting were divided by
the means after additional 24 hours of fastingthedatios subtracted from 1. Data are from the

supplement of Rubio-Aliaga et al. (201&nhd comprise 10 healthy subjects.

FIG E2. Carnitine (C0) and acyl-car nitine changes during fasting.
Data are from the supplement of Rubio-Aliaga e(2011).

FIG ES3. Phosphatidylchaline lipidsincrease by 2% on aver age.
Data are from the supplement of Rubio-Aliaga e(2011).

FI G E4. Lysophosphatidylcholine (L PC) lipids decrease 22% after 36 hour s of fasting using
weighted aver age calculation.

Dark bars are data during fasting; White bars megrethe MC activation data of the same LPC
variants from the mastocytosis patient for commparig-asting data are from the supplement of Rubio-
Aliaga et al. (2011) Only the LPCs 18:0, 18:1 and 18:2 are statidficagnificantly different

(p<0.05) between baseline and fasting.

FIG E5. Metabolite and lipid concentration changes comparing 4, 12 and 36 hours of fasting

(A) Carnitine (C0); Acetylcarnitine (C2), various amiacids; xLeu includes leucine and isoleucine;
(B) 61 Phosphatidylcholine variant{&}) 8 Lysophosphatidylcholine (LPC) varian(b;) 12
Sphingomyelin (SM) variants; Each curve represtrgsnean of 15 healthy individuals after 4, 12
and 36 hours of fasting as described in Krug g2a12§. Data were generously provided by Gabi

Kastenmueller.

FIG E6. Prednisolone at 60 mg/day increased most amino acids after three days of treatment in
healthy volunteers.
Data are from Table 3 in Loefberg et al. (2602)

FIG E7. High dose methylprednisolone did not reduce ARG and GLN but CIT concentrations
after 29 hours.

Data are from Table 2 in van Zwol et al. (201 B+ (black symbols) means with glucocorticoid
treatment including 33 children. Sixteen childregrgvnot treated with glucocorticoids (G-; white

symbols).
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FIG E8. Mean lipid class changes after high dose prednisolone treatment for 3 daysin 6 beagle
dogs.

Data are from Sieber-Ruckstuhl et al. (2019Jhe numbers after the lipid classes represent the
included subvariants. Of the 37 PCs lipids only 1%/37) fold-changes were statistically
significant. For the PIs all changes were staaliycsignificant. The error bars represent the déad

deviation of the mean-fold changes from the 6 dogs.

FIG E9. Low dose prednisolone increased the amino acidsPHE, GLN, ARG, ORN and PRO
after 18 hours.
Data are from the supplement of Bordag et al. (P01%he white bars represent changes with a

p-value of <0.001. CIT did not change at all. Bbaseline; Tx = Prednisolone treatment for 18 hours.

FIG E10. Low dose prednisolone did not change PCs and LPCs after 18 hours.
The mean ratios with standard deviations of 6 LHQSE, 11 PCs, 5 SMs, 7 TAGs and 1 DAG (18:1
and 18:2 combined) are presented. Data are frorsupglement of Bordag et al. (2015) and included

20 healthy volunteefsBL = baseline; Tx = Prednisolone treatment.

FIG E11. The metabolome of the M CAS patient baselineissimilar to NIST SRM 1950.

The two MCAS patient baseline samples were drawmdiths apart. The means (+/- SD) are shown;
For the NIST SRM1950 plasma the SDs of the dumidaterminations are included. The duplicates
were used as quality controls during the MCAS saraplalysis; BA = Beta-alanine; xxx-CA = Acyl-
carnitines; CA = Carnitine; CREA = Creatinine; H&S Homocystine; GABA = Gamma-amino-
butyric acid; HIST = Histamine; AC = Acetyl-carmi#; AABA = Alpha-amino-butyric acid; SARC =
Sarcosine (Methylglycine).

FIG E12. Thelipidome of the M CAS patient baseline samplesisvery similar to NIST SRM 150.

The two MCAS patient baseline samples were drawmdiths apart. The sums of the means of the
different lipid subclass variants are shown (exitigatholesterol esters); For the NIST SRM1950
samples the means of triplicate determinationshogn. They were used as quality controls. The
number of included subclass variants is listedratkets. CER = Ceramides; DAG =
Diacylglycerides; LPC/LPC-O = Lysophosphatidylchels; LPE = Lysophosphatidylethanolamines;
PC/PC-O = Phosphatidylcholines; PE/PE-O = Phosgylathanolamines; Pl = Phosphatidylinositols;
PS = Phosphatidylserines; SM = Sphingomyelines; FARiacylglycerides (TAGS).

FIG E13. Metabolites and lipid class subvariants ar e stable comparing baseline and follow-up

samples after 4 years of storage.
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The uppelA) and lower(B) panels show the ratios of fresh (Follow-up) taedryold (Baseline) mean
concentrations (n = 1409) of selected metabolites.raw data are published in supplementary Table
1 of Lacruz et al. (2018} The upper panel shows carnitine, acetyl-carnitlieamino acids and 9
lysophosphatidylcholine (LPC) subvariants. The lop&nel shows ratios of 72 phosphatidylcholine
(PC) and 10 sphingomyeline (SM) subvariants. Unstatetabolites would be indicated by increased
ratios. For example a 50% reduction in the coneg¢iotnt measured in the follow-up samples would
generate a ratio of 2.0; The mean (SD) ratios fimna acids, LPCs, PCs and SMs are 1.04 (0.076),
1.02 (0.040), 0.99 (0.014) and 1.01 (0.012) respedgt CO = carnitine; C2 = acetyl-carnitine; xLeu

includes leucine and isoleucine; FU = Follow-up; BBaseline.

FIG E14: Gastrointestinal blood flow is severely reduced after induction of mast cell

degranulation in a dog anaphylaxis model.

Raw data of blood flow (ml/min/100 g tissue) toieas tissues were used from Table 4 published in
Kapin and Ferguson (1988) The absolute blood flow values at baseline befmtaction of
anaphylaxis were used to normalize the publish¢at @dood flow values in the gastrointestinal tract
did not return to baseline concomitant with livésdal flow or MAP values. Adrenals show
hyperperfusion (negative values) after 20 minugeain blood flow is slightly reduced in the acute
phase but approximately 40% starting at 30 anéhasintil 180 minutes; MAP = Mean Arterial

Pressure.

FIG E15. Additional metabolomics data during the severe M C activation event

(A) Branched chain amino acids valine (VAL), leucibh&l), isoleucine (ILE), phenylalanine (PHE;
p = 0.01), tyrosine (TYR) and the F/Y ratio (p 82); The F/Y ratio was 102% of BL after 72 hours;
(B) Glutamic acid (GLU; p = 0.03), glutamine (GLN), thi@nine (MET), threonine (THR), proline
(PRO) and 4-hydroxy-PRO (4H-PRQ@X) Serine (SER), histidine (HIS), asparagine (ASRhiae
(ALA), 5-hydroxy-lysine (OH-K), homocystine (HcyS8;= 0.02); OH-K and HcySS have
overlapping curves; Glycine is similar to HIS (isbiown); For a description of how the panels were

generated see above undeiditional commentsto some Figure legendsin the main manuscript.

FIG E16. Additional lipidomics data during the severe M C activation event
All measured diacylglyceridd®\); sphingomyeline¢B) and triacylglycerideéC). For a description
of how the panels were generated see above dwdtitional commentsto some Figurelegendsin

the main manuscript.



