LETTERS TO THE EDITOR

Bio-engineered and native red blood cells from cord
blood exhibit the same metabolomic profile

The increasing need for red blood cells (RBCs) together
with the lack of donors have made the in vitro production
of RBCs a major medical challenge." We have recently
developed a method to produce mature RBCs in vitro,
starting from bone marrow, peripheral blood, leuka-
pheresis or cord blood-derived CD34* cells. This method
is based on a 3-step protocol using a serum-free medium
supplemented with cytokines.” Here, we assess the qual-
ity of the RBCs produced in vitro using metabolomics,
developed recently for RBC or reticulocytes analysis.**
We show that native reticulocytes (nRets) and culture-
derived reticulocytes (cRets) exhibit very similar
metabolomics signatures, 80% of their metabolites being
expressed at similar levels. The homology is almost com-
plete (90% of metabolites expressed at similar levels)
when they are compared with RBCs produced from
nRets and from cRets. Furthermore, the differentially
expressed metabolites are not involved in relevant func-
tions of RBCs. Altogether, these results show that RBCs

originating from in vitro produced reticulocytes pheno-
copy native RBCs, and therefore show great promise for
their successful use in blood transfusion.

Human cord blood CD34- cells were differentiated into
erythroid progenitors that were then grown on a murine
MS-5 stromal cell line which provides a microenviron-
ment allowing terminal erythroid differentiation, includ-
ing enucleation (Online Supplementary Figure S1).” At day
15, the majority of the cells produced were reticulocytes
as assessed by thiazole orange staining (89 %=+10%) and
by expression of the transferrin receptor (89%=+10%
CD71%). The mean cell volume (MCV), mean corpuscular
hemoglobin concentration (MCHC) and mean cell hemo-
globin (MCH) of these cells were within the ranges we
have been observing in the laboratory: 128+11.4 fL (130-
138 fL), 22+0.2 g/dL (18-25 g/dL) and 29+2.8 pg (23-35
pg), respectively.”

As culture conditions may lead to metabolic stresses
that could alter RBC functionality, we first compared the
metabolomes of cRets and nRets. nRets were purified
from cord blood by supermagnetic microbead selection
using a CD71 antibody’ and were more than 96+2%
(n=5) pure. Reticulocyte metabolites were analyzed using

mine

Dih dGI;,Itla
ihydro ine
" Am ne

Serine

Ornithine

***

Threonine
Asparagwne

ate

N-Carbamoyl-L - as@artate
oline

Octanal

Tyrosine
Deoxyadenlos ne
’cine

Hydroxyisovaleric acid
nylalanine
0O-Phospho-| L -serine
Cys-Gly

Glutamate

Benzoic Acid
N-Acetyl-4-Aminosalicylic églﬂ

N-Acetyl-L-aspartic acid

Benzo u|noneacetlc acid
1-L-Leucyl-L-Proline
Spermine

Hippurate

Caproic Acid
Desoxynbose

4 hydroxybenzaldeh
ycerol !dF
Ergothloneme
Hydantoin-5-, pmplonlc acid
Malonic Acid
Adenine
Lactate
G cceraldehyde-3-P
is-| P-D-G ycerate
-Oxoproline
exose
ATP
4-am|no-4-deoxychor|sm|c acid
P-Glycerate
Citirc Acid
Spermidine
Citrulline
NADP
-enolpyruvate
Er hmoll meso erythriol
-Hydroxyglutaric acid
iacinamide
GSSG

Valin 2

Oxalic Ag:id —
Leucine
ADP

DHA
N-Acetyl-D-Glucosamine —
AMP

Pyruvate
ADP-Ribose
D-Ribose-1-P [
Ribose

Threonic Acid
Creatine

Quinic Acid
Hexose bis-P

2] Desoxynbose 5-P

orbitol
Acetyl carnllme
Malaf

*
.

Fumara
2-Oxoglutarat
Succina
Trimethylamine Oxid
O-propanoyl-carnitine *
Carnitine *

Taurine

R butyrsyl-carmtme *

mmmﬁi
*

*
NS

Figure 1. Metabolic signatures
of cRets and nRets are similar.
Metabolomes of cRets from
blood from 4 independent
umbilical cords and nRets from
5 independent umbilical cords
were analyzed by LC/MS fol-
lowed by identification in the
metabolite database.’A diagram
of high- and low-expressed
metabolites is shown. cRets
data are expressed as log, fold
relative to the average expres-
sion level in nRets for each
metabolite. Metabolites expres-
sion was considered significant-
ly different between cRets and
nRets when log,R was above +2
or below -2 (black bars) and was
considered identical when log,R
was between +2 and -2 (gray
bars). Statistical significance
was assessed with a Mann-
Whitney test: ns: not significant;
*P< 0.05. ®This value has been
arbitrarily set at 0 (- as a
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two liquid chromatographic (LC) systems coupled to high
resolution mass spectrometry operated in both negative
and positive modes of electrospray ionization.”” The
wide chemical diversity of metabolites is best assessed by
this optimal metabolomic approach that can detect high-
ly polar metabolites such as sugar derivatives or amino
acids using hydrophilic interaction LC, as well as fatty
acids or acylcarnitines using reverse phase chromatogra-
phy. Eighty-six metabolites of biological relevance were
identified (Online Supplementary Table S1) and analyzed in
nRets and cRets. We found that the concentration of
metabolites related to glycolysis or glutathione metabo-
lism, two important pathways of RBCs functions, were
similar in the two types of reticulocytes (Figures 1 and 2).
Twenty-one metabolites displayed at least a 2-fold
increase or decrease in concentration in cRets compared
to nRets (Figure 1). Among the metabolites with
increased concentration in cRets, 6 out of 10 were amino
acids (glutamine, alanine, serine, ornithine, threonine and
asparagine) (Figure 1). The increased concentration of
these amino acids in the cRets is likely to be due to their
high concentration in the culture media used and to the
presence of their transporters at the surface of reticulo-
cytes.” Metabolites related to membrane integrity (carni-
tine, O-propanoyl-carnitine, acetyl-carnitine and R-
butyryl-carnitine) were all derived from carnitine and had
a decreased concentration in cRets (Figures 1 and 2).
RBCs from sickle cell patients’ and from patients with
overhydrated stomatocytosis'® also have increased con-
centrations of carnitine and acetyl-carnitine. These
increased concentrations are associated with high mem-
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brane turnover and repair mechanisms as carnitine and
acetyl-carnitine are used as a reservoir of activated acyl
group for the turnover and the repair of RBC mem-
brane." Thus, our results may indicate that in vitro differ-
entiated reticulocytes exhibit a lower membrane
turnover and repair than circulating reticulocytes, possi-
bly because membrane stress may be lower in static con-
ditions. We also found a decreased concentration of
malate, 2-oxoglutarate and succinate, that are part of the
Krebs cycle that takes place in mitochondria, that are still
present in young reticulocytes."” These decreased concen-
trations might be the consequence of a high glucose con-
centration in the culture media, driving efficient ATP syn-
thesis through glycolysis rather than the Krebs cycle in
cRets compared to nRets. Finally, the 2 metabolites that
have the most decreased cRets concentration are ergoth-
ioneine and stach?/drine (proline betaine) that share the
same transporter” and that are not present (ergoth-
ioneine) or present at very low levels (stachydrine) in cul-
ture medium. Ergothioneine is not synthesized by human
cells but by actinobacteriae or filamentous fungi. Its
presence in nRets from cord blood is the likely conse-
quence of ergothioneine intake by the mother and trans-
fer to nRets where ergothioneine fuels a very efficient
anti-oxidative pathway."

nRets and cRets were further differentiated into mature
nRBCs and cRBCs’ by extending co-culture for a further
eight days. All parameters assessed in cRets established
that the maturation process had clearly started at day 23
(Online Supplementary Table S2), as evidenced by the
decrease in nucleic acids and mitochondria content, by
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Figure 2. Clustering of metabolites expressed in cRets and nRets. (A) Shown are metabolites in equal (blue) or different (red) amounts in
cRets or nRets. (B) Expanded view of metabolites expressed at different levels in cRets and nRets, and ranked according to characteristics
or function. (C) Expanded view of metabolites expressed at similar levels in cRets and nRets, and ranked according to characteristics or func-

tion.
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Figure 3. Metabolic signatures of red blood cells obtained by maturation of cRets and nRets. (A) Diagram of high- and low-expression
metabolites in cRBCs compared to nRBCs. Black bars correspond to log,R for metabolites expressed at different levels in cRets and nRets.
Gray bars correspond to log,R for metabolites expressed at different levels in cRBCs and nRBCs. Statistical significance was assessed by
Mann-Whitney test: NS: not significant; *P< 0.05. ®This value has been arbitrarily set at O (-0 as a log,0) for ease of display. (B) Metabolites
differentially expressed in cRBCs and nRBCs were clustered according to function (membrane integrity or stability) or characteristic (amino

acids). The number of metabolites per cluster is indicated.

lower CD71/CD36 (thrombospondin receptor) expres-
sion, and, to a lesser extent, by smaller MCV and
increased MCH. Lastly, as expected, the membrane rigid-
ity diminished during the cRets maturation (Online
Supplementary Figure S2). A similar maturation pattern
was demonstrated for nRets exhibiting a decrease in
CD71 expression and nucleic acids and mitochondria
contents (Online Supplementary Figure S3).

When the metabolomes of nRBCs and cRBCs were
compared, most metabolites with increased cRets levels
had returned to nRBCs levels in cRBCs (Figure 3). This
was due to an increased concentration of the differential
metabolites in nRBCs and was consistent with the cul-
ture medium origin of the increased concentration of
these metabolites in cRets. As for the metabolites with
decreased concentrations in cRets, only the carnitine and
its metabolite derivatives and stachydrine/ergothioneine
had a comparative decrease in concentration in cRBCs
(Figure 3). These results strengthen the exogenous contri-
bution of stachydrine/ergothioneine in nRBCs and indi-
cate that in vitro produced cRBCs might have decreased
membrane turnover and repair, possibly due to the less
stressing conditions of cell culture, compared with blood
circulation. An alternative hypothesis to account for the
differences in metabolites is that they originate from
inter-individual variations, since native reticulocytes and
CD34* cells from which cRets were differentiated were
purified from separate cord bloods. However, covariance
analysis established that for 7 out of the 11 metabolites,
covariance was below the level of significance (25%-

30%) (Omnline Supplementary Table S3), thus arguing
against inter-individual differences. The differences of the
remaining 4 metabolites may originate from inter-indi-
vidual variations, or from technical issues. Thus out of 86
metabolites, upon differentiation only 7 seem to vary due
to culture conditions, and 4 to sample origin, confirming
that cRBCs nearly phenocopy nRBCs.

We have previously established the proof of principle
for transfusion of in vitro generated reticulocytes and
developed procedures to validate these bio-engineered
cells. Here, using a metabolomics approach, we provide
evidence that reticulocytes, either native or produced
in vitro, exhibit similar metabolomic signatures. Almost
identical metabolomic signatures were obtained after
maturation into cRBCs. This result strengthens the
robustness of the protocol we have developed to produce
reticulocytes to be used for transfusion, an alternative to
classical transfusion products, in the hope to circumvent
donor scarcity in such cases as patients with very rare
blood groups.
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