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Red Blood Cells — Abundant, Simple, Central to Human Metabolism

HENOTYPE

‘Key numbers N \

* RBCs ~83% erytl
25 x 102 RBCs/body

* Lifespan of ~120 days

* We spend a lot of energy to remove
Kand generate 0.2 trillion RBCs/day /

o) oxy
m

250 million copmw

Pyknotic Erythrocyte
nucleus v Y

Source: Mescher AL: Junqueira’s Basic Histology: Text and Atlas,
12th Edition: http://wwwi.accessmedicine, com

Copyright € The McGraw-Hill Companies, Inc. All rights reserved.

Nemkov et al. Exp Rev Proteomics 2019



Red Blood Cells — Perfect Model to study Energy and Redox Metabolism

Fenton Reaction

Fe(ll) + H.O, > Fe(lll) + HO™ + HO®

Haber—\Weiss Reaction (Superoxide Driven Fenton Reaction)

H,0, + Fe(ll) > Fe(lll) + HO- + HO"

o (0 W g
i W 4 y —— ”"-Polypephde OQ OQ'—

/ - chain
y .y

oA : :
Jg-,_/ 0— — Haber—\\Weiss Net Reaction
(a) Hemoglobin (b) Iron-containing heme group FE'( ”}/Fe( m‘}
Copyright ® 2001 Benjamin Cummings, an imprint of Addison Wesley Longman, Inc. O 2‘— + H202 - O 5 + HO— + HO'

Nemkov et al. Exp Rev Proteomics 2019




Red Blood Cells — Not so simple after all

Gaultier et al
Bryk et al
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Advances in RBC proteomics ¢
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D’Alessandro et al. Blood Transfusion 2019
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RBC-GEM: a Knowledge Base for Systems Blology of Human RBC Metabolism
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RBC Proteome Updated — is PFKP even expressed in ultra-pure mature RBCs?
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RBC as an organ: a window on systems-wide metabolic health

GAS TRANSPORT
* Oxygen/Carbon dioxide Transport
g * Nitric oxide metabolism

ION HOMEOSTASIS

* Chloride and bicarbonate homeostasis
* lon homeostasis (Ca**, Na*, K*)

* lron metabolism (Fe**)

7K VASODILATION

f AN * Sequestration and release of Nitric Oxide
) : * Generation and release of purinergic agonists
£

* Response to adenosine/purinergic stimuli

e SYSTEM METABOLISM
JL * Glucose metabolism and lactatemia
®° == + Redox (and glutathione/sulfur/iron)
i * Amino acid uptake and metabolism
o ~* Scavenging/Response to neurotransmitters

Nemkov et al 2008

/I DETOXIFICATION
* Transamination reactions
( * Glutathionylation of oxidized proteins/lipids

* Uptake and metabolism of drugs
* Uptake and release of dietary mediators (e.g dietary lipids)
IMMUNOMODULATION
* Direct interaction through “eat me” /”do not eat me” signals
* Uptake and release of cytokines
* Generation and release of immunomodulatory
* ATP, lactate
 Uptake/release of succinate and carboxylic acids
* Eicosanoids and oxylipins, Sphingosine 1-phosphate
* Tryptophan and catabolites (kynurenine, NAD)
* Arginine and catabolites (e.g. NO and polyamines)
* heme and iron metabolism in phagocytosing macrophages
* miRNA in phagocytosing cells

CROSS-TALK with other RBCs or other cells

* Membrane antigens mediating cell-cell interactions
* Release of small molecule mediators

* Vesiculation

* Release of mediators of target cell physiology upon hemolysis
* Scavenging/release of metabolic substrates for other cells

Haiman et al. BiorXiv 2024



Extravascular hemolysis of Red Blood Cells is a process essential to human
biology and transfusion medicine

100 Million units of pRBC 351

transfused every year Poor storer Good storer
Most common in hospital <07
procedure after vaccination 25 |
Key numbers £ 50l
* RBCs “83%
* 25 x 10*2 RBCs/body 15 1
* Lifespan of ~120 days
* Splenic macrophages remove i
¢ 0.2 trillion RBCs/day @ 10
2
() Sy —
51Cr labeling 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100105
for Post Transfusion Recovery 24-hr recovery (%)

Dumont and Aubuchon. Transfusion 2007; Roussel et al. Blood 2021; D’Alessandro Blood 2021




Modeling diversity in RBC storability in mice

J:DO PTRmQTL vs
Tracer (nCHERRY) 137,192SNPs
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Ubi-GFP mice ® Jou e " 3 _
Store RBCs W7 | e ol— -
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D’Alessandro et al. Blood 2024 - just accepted




Genetic heterogeneity across mouse strains
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Zimring et al Transfusion 2012; Hay et al Blood Transfusion 2023




1 min METABOLOMICS and 5 min LIPIDOMICS

] Polyamines and basic AAs

B Sugars and Carboxylic acids

B Acid and Aromatic AAs and Small Peptides
B Phosphate and Nucleosides

W Fatty acids

» Life Sciences » Systems Biology and Bioinformatics

Methods in Molecular Biology

Available Here High-Throughput
Metabolomics

Methods and Protocols

@ Springer

SPRINGER NATURE Editors: D'Alessandro, Angelo (Ed.)

Nemkov et al. Frant Physiol 2023 Nemkov et al. Meth Mol Bial 2079



Modeling diversity in RBC storability in mice

A I RO LRI L EEREE Y Stored red blood cell metabolit~
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D’Alessandro et al. Blood 2024 - just accepted




Metabolites — Stored — Chromosome 1 Hotspot

Modeling diversity in RBC storability in mice =

J’ LOD thrashold

type
Q lipid o Metabolites and oxylipins
(O metabolite
() onylipin
O an

Condition

— Both
fresh
stored

LOD score

10
20 5 7 9 1" 13 15 17 19
2 4 (<] a8 ) 10 | 12 14 16 18 X
= 30 Oxylipins — Stored — Chromosome 1 Hotspot
40

.L LOD thrashold

20 —_—p

D’Alessandro et al. Blood 2024 - just accepted




Recipient Epidemiology and Donor Evaluation Study — REDS RBC Omics

Donor effect on Storability Blood storage for 42 days Genotyping
(n=13,403) + hemolysis (SNPs)

N
?F?F?F@F?@ n=12,753 12,799 10,476 ~
Teteneten® g 1 |
RERTRTRTAT l @ l |

RTRTRNRNRD

Endres-Dighe et al. Transfusion 2019; Lanteri et al. Transfusion 2019
Josephson et al Transfusion 2022



Metabolomics of 13,091 Blood Donors
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. Units stored Metabolomics
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Nemkov et al. Blooad 2024
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RBC metabolism changes with storage

D-Glucose Lactate ATP
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D’Alessandro et al. Taransfusion 2019; Heamtologica 2022




Biomarkers of the RBC Metabolic Age

PC 1 (30 %)

PC 1 (30 %)
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D’Alessandro et al. Haematologica 2012; D’Alessandro et al. Transfusion 2016; Paglia, D’Alessandro et al Blood 2016; Nemkov et al. Haematologica 2018




High hypoxanthine (ATP breakdown and oxidation) correlates to low PTR

In mice and humans
5.0408

RBC storage
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Oxidativ
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Nemkov et al. Haematologica 2018; Howie et al. Blood Advances 2019




High hypoxanthine (ATP breakdown and oxidation) correlates to low PTR
In mice and humans
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Nemkov et al. Haematologica 2018; Francis, D’Alessandro et al. JCI 2022;




Many iatrogenic and biological variables impact the metabolome of stored RBCs

Additive Solution Age BMI
a2 e Blood Group

Blood Cénter Sex Ethnicity ‘ ,
Rh Status

Nemkov et al. Cell Metabolism 2024



Data analysis guides interpretation! Kmeans clustering + Linear Discriminant Analysis

Cluster no.

LD3
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Finding the SUPER-DONORS (high energy metabolism, low oxidant stress)!

LDA by K means clustering ATP by Cluster
= Cluster 4

Cluster) 4 ”‘j R
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Nemkov et al. Cell Metabolism 2024




ATP: a central lynchpin in RBC metabolism, deformability, function

) ) Glutamate Choline
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The energy-less red blood cell 1s lost: erythrocyte enzyme abnormalities

of glycolysis

Richard van Wijk and Wouter W. van Solinge

van Wijk and van Solinge Blood 2005




Age and Sex impact RBC energy metabolism

Glucose
ATP
> ADP
N
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Nemkov et al. Cell Metabolism 2024
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Levels of glycolytic metabolites are reproducible across donations

Glycolysis by MS
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mQTL

Metabolite heterogeneity encrypted in our DNA

Recombination rate (cM/Mb)
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Genetic underpinnings of metabolite levels in donated blood
>1 Million gene-metabolite associations RS
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ATP and Hypoxanthine correlate with PTR and hemoglobin increments in vivo
In healthy autologous or ill heterologous recipients
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Change in hemoglobin increment after RBC transfusion for ATP and Hypoxanthine quartiles

Walues (g/dL) 1= guartile 2™ guartile 3 guartile
Hypoxanthine | 1.02 [0.9-1.06] 0.98[0.94-1.02]  0.97[0.93-1.01]
Adjusted | 1.01(0.28) 0.96 (0.28) 0.95(0.29)
ATP | 0.96 [0.92-1.00] 098[0.94-1.03]  0897[0.93-1.02]
Adjusted | 0.94(0.30) 0.96 (0.29) 0.97 (0.28)
ATP vs ATP vs
Hemoglobin Increment Bilirubin Increment
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Concentration Quartiles Concentration Tertiles
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There’s more that defines a donor than just storage, genetics and demographics
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Donor halg'ts matter
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DONOR EXPOSOME: a PANDORA'’s box

2nd donation
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Chemical Individuality:

from Molecular Epidemiology
to Precision Transfusion Medicine
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From energy to redox:

G OO D ? Histogram for "SO2 corrected" B A D ?

No. of obs.

OTo5 5To 10To 15To 20To 25To 30To 35To 40To 45To 50To 55To 60To 65To 70To 75To 80To 85To 90To

\ 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 95and
71 - over

N=997 - Data kindly provided by Dr. Tatsuro Yoshida, New Health Sciences inc

Nemkov et al. Haematologica 2018



Hypothesis: anaerobic storage should promote glycolysis
by decreasing oxidative stress

NORMOXIA HYPOXIA
GLUCOSE GLUCOSE

G3P

Flosphate NADPY ATP

Pathway

Castagnola et al Blood Transfusion 2010; Rogers et al 2012; Low et al 1992




Biochemical rational beyond removing O2: intracellular alkalinization favors
glycolysis, PPP and Rapoport-Luebering
Redox GGPD

. GSH
Glucose >GSSG
G6P GL6P — 6P é
=
¥ P =
<T
FBP
l v
G3P <« RibP pH
ATP _/i DPG 60 10 80 90
iy BGM
ATP —/i
Pyruvate
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Hess and D’Alessandro — Rossi’s principles in Transfusion Medicine 2024



Anerobic storage: are anaerobiosis benefits pH dependent?
Anaerobic storage + 5% CO2

Alkalinization | | Supernatant Balanced
= low Chloride =
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H 0
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HCO Cl R
CI'CI_ - Cl- H
'
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p [ CO
DeoxyHb 0, co, |1 C0, ° o
Ditfus:lon Anaerobic
Ctrl AN AN+CO, G0, <5100, «— HCO5 With High CO,

Full Anaeroblc Anaerobic + GO,

Dumont et al. 2015; Yoshida et al., Transfusion 2007 and 2008; Sparrow, Blood Transfusion 2012; D’Alessandro et al, Mol Biosyst 2012



RBC storage: Hyperoxia promotes the storage lesion, hypoxia ameliorates it
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RBC storage: Hypoxia improves energy metabolism
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RBC storage: Hypoxia improves energy metabolism
and prevents accumulation of hypoxanthine

METABOLOMICS
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2)4 00 8

Supernatants

Red Blood Cell Unit
(n = 4 per group)

S

Intracellular

Nemkov et al. Haematologica 2018



Two-arm cross sectional study: Hypoxia improves PTR
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Hypoxia improves metabolism other than PTR
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Metabolomics
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D’Alessandro et al. Transfusion 2020
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Metabolic correlates to PTR: Glycolysis and PPP

Correlates to combo PTR at day 42
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D’Alessandro et al. Transfusion 2020




Metabolic and PTR benefits of hypoxic storage are recapitulated in mice

Post Transfusion Recovery (%)
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Hay et al. Blood Transfusion 2023; Hay et al. Blood Advances 2023




Hypoxic storage boosts DPG and single cell O, kinetics

Single-cell O, saturation imaging performed
after 21 days of hypoxic or standard storage

0.2 -+ h

0.15 -

Hypoxic storage
improves RBC O,—
handling kinetics
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storage

Frequency
o

0.05 4

0 1 2 3 4
0, unloading time constant (s)

Rabjucka et al. Blood Advances 2022; Haematologica 2022;




Hypoxic RBCs are superior to ctrl end of storage RBCs in hemorrhaged rats

Pedro Cabrales, PhD
Univ. California San Diego
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Hypoxic Storage of RBCs

PTR studies Hypoxia and RBC Metabolism in Single Cell O, Resuscitation in
in humans  energy/redox metabolism hypoxia/hypocapnia kinetics T/HSin rats

' g Hert i N . [m]".x: __ e []

D’Alessandro et al. Transfusion 2021; Reisz et al. Blood 2016; Reisz et al. Transfusion 2017; D’Alessandro et al. Mol Biosystems 2012; Dumont et al. Transfusion 2019;
Williams et al Shock 2019; Rabjucka et al. Haematologica 2022;
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D’Alessandro et al. Transfusion 2021; Reisz et al. Blood 2016; Reisz et al. Transfusion 2017; D’Alessandro et al. Mol Biosystems 2012; Dumont et al. Transfusion 2019;

Blood storage studies — THANK YOU for your ATTENTION!

D’Alessandro et al. Haematologica 2022; Nemkov et al. Cell Metabolism 2024; Nemkov et al. Blood 2024a and 2024b



Metabolic changes in Trauma/Hemorrhamc shock in humans COI\/IBAT
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Genetic regulation of (fresh and stored) RBC energy metabolism in mice
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Genetic regulation of (stored) RBC energy metabolism in humans
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PFKP is less inhibited by ATP and its Km / substrate specificity promote
glycolysis when ATP is low
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Impact of genetic ancestry on gene-metabolite association

4 Impact of Donor Ethnicity (Genetics) and Age on Glycolysi;“*
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Pathway overview — Focus on PFKP — consistent across ancestries
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RBC Proteome Updated — is PFKP even expressed in ultra-pure mature RBCs?
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RBC-GEM: a Knowledge Base for Systems Blology of Human RBC Metabolism
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PFKP is expressed in ultra-pure mature RBCs,
at 30% higher levels in donors in cluster 4
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