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Blood “Pharm-ing”?

Complex biological products → “Pure drugs”
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What about better starting material?
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As storage time increases (FDA criteria):

Increasing hemolysis ex vivo (<1.0%)

Infuse free hemoglobin, etc.

Decreasing 24-hr post-transfusion recovery in vivo (~>75%)

Less than optimal dose

What do we know about 

refrigerator-stored RBCs?



What happens to the RBCs

during refrigerated storage?



The “RBC storage lesion”

 2,3-DPG, GSH, ATP

 Nitric oxide

 Protein oxidation

 Membrane- & cytoskeletal-associated hemoglobin

 Membrane lipid peroxidation

 Lysophosphatidylcholine species

 Vesiculation and membrane loss

 Deformability

 Phosphatidylserine exposure

 CD47
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The “RBC storage lesion”

 2,3-DPG, GSH, ATP

 Nitric oxide

 Protein oxidation

 Membrane- & cytoskeletal-associated hemoglobin

 Membrane lipid peroxidation

 Lysophosphatidylcholine species

 Vesiculation and membrane loss

 Deformability

 Phosphatidylserine exposure

 CD47



The “RBC storage lesion”

Metabolic dysfunction & oxidative stress ➔

 Deformability

 “Eat me” signals (phosphatidylserine)

 “Don’t eat me” signals (CD47)

 Hemolysis in vitro

 RBC clearance in vivo

Intravascular and extravascular hemolysis

Final common pathway?



RBC Clearance Variability



RBC Recovery Study

5-15 mL Centrifuge Wash

Incubate 51-Cr
Wash

IV push

Serial blood 
draws



Dumont et al. Transfusion 48:1053-60, 2008.
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in 641 healthy volunteers
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than in healthy volunteers
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Infectious

Immunological

Volume related

Other (“old” RBCs?)

Adverse consequences

of RBC transfusion
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Infection?

Inflammation?

Thrombosis?

Mortality?

Not going to talk about these now

We can discuss these later, if you

would like

Is “old” blood bad?



 RBC recovery in vivo

 RBC storage lesion in vitro

Is “old” blood bad?

 RBC refrigerated storage time
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Transfused RBCs that don’t circulate

cannot provide their “pharmaceutical”

function (e.g., O2 delivery)

Why is transfusion of less than a 

full “dose” OK?

What other drug to we give whose

potency decreases over time? And

that’s OK?
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Activity of recipient’s
mononuclear phagocyte system
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and

(2) activity of recipient mononuclear 

phagocyte system

determine post-transfusion recovery 

and RBC lifespan in vivo
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When do RBCs “go bad”?

Journal of Clinical Investigation 127:375-382, 2017

E. Hod



60 healthy volunteers enrolled

52 completed study

Randomized to 1, 2, 3, 4, 5, 6 weeks of storage

Donation at NYBC; leukoreduced; AS-3

Transfused with entire unit

51Cr-labeled post-transfusion recovery
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Apo-Tf: no iron bound

Holo-Tf: 2 iron atoms bound

Tfsat = 20% → 80% of iron-binding sites available

Tfsat = 75-80% → NTBI appears

http://www.chemtube3d.com/solidstate/BC-26-13.htm
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What influences variation in 

post-transfusion recovery?



Genetics



Dumont et al. Transfusion 48:1053-60, 2008.

24-hr RBC recovery

in 641 healthy volunteers

“Super

storers” 

“Poor

storers” 



Dern et al. J Lab Clin Med 67:955-965, 1966.

Repetitive 24-hr RBC recovery

in 28 healthy volunteers



Dern et al. J Lab Clin Med 67:955-965, 1966.

Repetitive 24-hr RBC recovery

in 28 healthy volunteers

“Poor

storers” 



Dern et al. J Lab Clin Med 67:955-965, 1966.

Repetitive 24-hr RBC recovery

in 28 healthy volunteers

“Poor

storers” 

“Super

storers” 



Dern et al. J Lab Clin Med 67:955-965, 1966.

Repetitive 24-hr RBC recovery

in 28 healthy volunteers

“Poor

storers” 

“Super

storers” 

Genetics?



Dern et al. J Lab Clin Med 67:955-965, 1966.

Repetitive 24-hr RBC recovery

in 28 healthy volunteers

“Poor

storers” 

“Super

storers” 

Genetics?

“coffee”?
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24-hr RBC recovery

in inbred mouse strains

C57/BL6

FVB

Zimring et al. Transfusion 54:137-148, 2014.



What specific genes could be 

involved in RBC storage quality?



Humans:

Gender

Race

Mice:

Gender

Strain

General



The “RBC storage lesion”
Final common pathway?
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 RBC clearance in vivo
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Decreased RBC recovery in vivo

RBC storage lesion in vitro

What are the consequences (if any) of the 

clearance of stored RBCs?



Decreased RBC recovery in vivo

Insufficient protection against 

oxidative stress in vitro

What are the consequences (if any) of the 

clearance of stored RBCs?
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Unrelieved oxidative stress:

RBC structural damage →

Intravascular hemolysis (hemoglobinemia)

Extravascular hemolysis (NTBI)

The case for G6PD:

G6PD-deficiency
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Prevalence of G6PD-deficiency in normal donors

at CUMC-NYPH:

Random donors: 0.3%

R0R0/R0r donors: 12.3%

Francis et al. Transfusion 53:606-611, 2013

Exchange Transfusions for Sickle Cell Disease
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The case for G6PD:

G6PD-deficiency

Would 24-hour

post-transfusion

recoveries be 

worse in ill 

recipients?
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Statistically-significant difference of 6.8% (p<0.001)

Strongly suggests that the RBC’s intrinsic ability to resist

oxidative stress affects storage quality

Is this difference clinically relevant?

Acute transfusion setting

Chronic transfusion setting

Acute intercurrent illness
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The “RBC storage lesion”
Final common pathway?

Metabolic dysfunction & oxidative stress ➔

 Deformability

 “Eat me” signals

 “Don’t eat me” signals

 Hemolysis in vitro

 RBC clearance in vivo

Intravascular and extravascular hemolysis
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Iron deficiency anemia affects RBC 

lifespan & transfusion recovery

 Resistance to oxidative stress

 Oxidative damage

 Resistance to low pH

 Phosphatidylserine exposure

 Deformability

 Splenic clearance

Do these apply to RBCs in IDE?



Mouse model

Weanling, male C57BL/6 mice:

1. Control diet: 45 ppm of iron (normal)

2. Iron-deficient diet: 0-4 ppm of iron (IDE)

3. Iron-deficient diet + weekly phlebotomy (IDA)
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Interim Conclusions

RBCs from mice with iron deficiency anemia 

exhibit poor storage quality

RBCs from mice with “iron-deficient 

erythropoiesis” exhibit suboptimal storage quality

Would this be true for human recipients of RBC 

transfusions from donors with IDE?
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Would this be true for human recipients of RBC 

transfusions from donors with IDE?

All volunteers have been randomized; 

various stages of completion. 
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Lead

Neurotoxicant (synapses, myelin, etc.)

No threshold effect

Young children particularly vulnerable

Premature babies are relatively Fe deficient

 blood lead level: >5 μg/dL (0.2415 μmol/L)

In whole blood, 75% of lead is in RBCs
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Do donor pRBC units contain high lead levels?

If so, who cares?
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O R I G I N A L R E S E A R C H

Random ized con trolled tr ial of 7, 28, vs 42 day stored red

blood cell tran sfusion on oxygen delivery (VO2 m ax) and

exercise duration

Elliott Ben n ett-Guer rero 1 | Sabeen Rizwan 1 | Russell Rozen sky1 |

Jam ie L. Rom eiser 1 | John Brit telli1 | Ran y Makaryus1 | Jun Lin 1 |

Den n is K. Galan akis1 | Dar rell J. Tr iu lzi2 | Richard E. Moon 3

1Stony Brook University Medical Center,

Stony Brook, New York

2University of Pittsburgh Medical Center,

Pittsburgh, Pennsylvania

3Duke University Medical Center,

Durham, North Carolina

Correspon den ce

Elliott Bennett-Guerrero, Perioperative

Quality and Safety, Stony Brook

University Medical Center, Stony Brook,

NY 11733.

Email: elliott.bennett-guerrero@

stonybrookmedicine.edu

Abstract

Backgroun d: Few studies have rigorously assessed the impact of red blood

cell (RBC) transfusion on oxygen delivery. Several large trials demonstrated no

clinical outcome differences between transfusion of shorter-storage vs

prolonged-storage RBCs. These trials did not directly assess functional mea-

sures of oxygen delivery. Therefore, it is not clear if 42-day stored RBCs deliver

oxygen as effectively as 7-day stored RBCs.

Study Design an d Meth ods: Leukocyte-reduced RBCs were collected by

apheresis in AS-3. Thirty subjects were randomized (1:1:1) to receive 2 units of

autologous RBCs at either 7, 28, or 42 days following donation. VO2 max test-

ing, using a standardized protocol to exhaustion, was performed 2 days before

(Monday) and 2 days after (Friday) the transfusion visit (Wednesday). The pri-

mary endpoint was the percent increase in VO2 max between Monday and

Friday. The secondary endpoint was the percent change in duration of exercise

for the same time points.

Resu lts: Hemoglobin levels decreased by 2.8 ± 1.4 g/dL after donation and

increased by 2.1 ± 0.6 g/dL after transfusion. This change in hemoglobin was

associated with expected decreases (then increases after transfusion) in VO2

max and exercise duration. No differences were observed between 7-day and

42-day RBC transfusion for percent increase in median [IQR] VO2 max (10.5

[0.2-17.3] vs 10.9 [5.7-16.8], P = .41) or for percent increase in exercise dura-

tion (5.4 [4.1-6.9] vs 4.9 [2.0-7.2], P = .91), respectively. Results were similar

for 28-day RBCs and were consistent across the ITT and per-protocol analysis

populations.

Con clusion : These data indicate that 42-day, 28-day, and 7-day RBCs have

similar ability to deliver oxygen.

Trial Registration

ClinicalTrials.gov Identifier NCT02918851.

Received: 16 October 2020 Revised: 30 October 2020 Accepted: 30 October 2020

DOI: 10.1111/trf.16237

Transfusion. 2020;1–9. wileyonlinelibrary.com /journal/ trf © 2020 AABB 1

Transfusion 61:699-707, 2021
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Future Directions

Making better products: Ideal RBC unit

Optimal post-transfusion recovery & lifespan

Novel storage solutions, select & prepare better donors?

No WBCs

Leukoreduction, irradiation

No plasma

Washing? Change in donor selection?

Lacking clinically-significant RBC blood group antigens

Phenotypic and/or genotypic matching? Pharm-ing?

Lacking hemoglobin S (and others?)

Sickledex. Change in donor selection?

No transfusion-transmitted infections

New screening tests; pathogen reduction/inactivation



Thank you


