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Abstract

Although red blood cell (RBC) transfusions save lives, some patients develop clinically-significant alloantibodies against
donor blood group antigens, which then have adverse effects in multiple clinical settings. Few effective measures exist to
prevent RBC alloimmunization and/or eliminate alloantibodies in sensitized patients. Donor-related factors may influence
alloimmunization; thus, there is an unmet clinical need to identify which RBC units are immunogenic. Repeat volunteer
blood donors and donors on iron supplements have elevated reticulocyte counts compared to healthy non-donors. Early
reticulocytes retain mitochondria and other components, which may act as danger signals in immune responses. Herein,
we tested whether reticulocytes in donor RBC units could enhance RBC alloimmunization. Using a murine model, we
demonstrate that transfusing donor RBC units with increased reticulocyte frequencies dose-dependently increased RBC
alloimmunization rates and alloantibody levels. Transfusing reticulocyte-rich RBC units was associated with increased
RBC clearance from the circulation and a robust proinflammmatory cytokine response. As compared to previously reported
post-transfusion RBC consumption patterns, erythrophagocytosis from reticulocyte-rich units was increasingly performed
by splenic B cells. These data suggest that reticulocytes in a donated RBC unit impact the quality of blood transfused,

are targeted to a distinct compartment, and may be an underappreciated risk factor for RBC alloimmunization.

Introduction

Red blood cells (RBC) are transfused to correct anemia
from bone marrow failure, hemolytic anemia, and hemor-
rhage. Although RBC transfusions can be lifesaving, some
patients develop alloantibodies against donor RBC blood
group antigens. These alloantibodies can be clinically sig-
nificant, inducing hemolytic transfusion reactions and hy-
perhemolysis, raising transplantation barriers, and
delaying transfusion by making it difficult to find compat-
ible blood for transfusion.! Once alloantibodies arise, pa-
tient care becomes more challenging. Currently, there are
few strategies to prevent RBC alloimmunization besides
antigen matching or antigen avoidance, and few treat-
ments are available (with limited efficacy) once alloim-
munization occurs!

As opposed to pharmaceuticals, each unit of RBC is

unique as it comes from a distinct individual, undergoes
multiple manufacturing steps, and then is followed by a
variable duration of refrigerator storage up to 42 days be-
fore transfusion.?® Increasing evidence suggests that the
risk of alloimmunization following an RBC transfusion is
influenced by donor factors (e.g., blood group antigen
density), component factors (e.g., storage duration), and
host factors (e.g., blood group antigen negativity, HLA
type, inflammation).* Identifying new risk factors that can
prevent and/or reduce risk of future RBC alloimmunization
events is a priority, given the current lack of available
treatments for sensitized patients. In both humans and
mice, RBC alloimmunization rates increase in transfusion
recipients with viral infections or viral-like inflammation.*®
Viruses induce robust type | interferon (IFN-a/f) produc-
tion; in mouse models of RBC alloimmunization, blocking
IFN receptors prevents alloantibody production, whereas
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infusing IFN-a promotes alloantibodies.®” Mechanistically,
viral-like inflammation stimulates splenic antigen-pres-
enting cells (APC) and alters the consumption of trans-
fused RBC towards immunogenic dendritic cell (DC)
subsets and away from red pulp macrophages.®®
Intriguingly, patients at highest risk for RBC alloimmuniza-
tion (e.g., those with sickle cell disease [SCD]) have elev-
ated type | IFN levels.®"? Although the mechanisms
underlying type | IFN production are unknown, we and
others recently published that mitochondria in human
RBC stimulate type | IFN production by immune cells.®"*
Although mitochondrial retention in mature RBC is abnor-
mal, most early reticulocytes have identifiable mitochon-
dria. Some transfusion recipients and repeat volunteer
blood donors have elevated reticulocyte frequencies.’>"®
Moreover, because compensatory reticulocytosis lasts
longer than the interval between donations, RBC units
from some repeat volunteer blood donors have reticulo-
cyte counts above the reference range.® Of note, stress-
induced reticulocytes produced in response to anemia
(e.g., phlebotomy, hemorrhage) are larger, less deform-
able, and contain higher numbers of mitochondria."2?
Thus, we hypothesized that reticulocytes in RBC donor
units may enhance RBC alloimmunization.

Using a murine model of RBC alloimmunization, we test
the hypothesis that elevated reticulocyte counts in RBC
donor units enhance RBC alloantibody production. We
demonstrate a direct correlation between reticulocyte
counts in an RBC donor unit and RBC alloantibody levels
produced in transfusion recipients. Compared to controls,
reticulocyte-rich RBC donor units were enriched in mito-
chondrial proteins and metabolites and, upon transfusion,
elicited proinflammatory cytokines. Mechanistically, RBC
from reticulocyte-rich units had lower 24-hour post-
transfusion recovery (i.e., were cleared more robustly in
the first 24 hours after transfusion) and induced signifi-
cantly higher RBC consumption by splenic APC. Multiple
B-cell subsets consumed most of the reticulocytes, rep-
resenting a departure from normal post-transfusion RBC
consumption patterns. The effect of higher reticulocyte
frequencies was dramatic because transfusion of short-
(i.e., 1 day) and medium- (i.e., 6 days) stored RBC donor
units similarly induced alloantibodies. Lastly, we show
that reticulocyte-mediated enhanced alloimmunization is
not Toll-like receptor (TLR)-4 dependent. Together, these
data demonstrate that reticulocytes in RBC donor units
can enhance alloimmune responses.

Methods

Mice
HOD mice,?* expressing an RBC-specific triple fusion pro-
tein consisting of hen egg lysozyme, ovalbumin, and
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human blood group molecule Duffy, were bred in the Col-
umbia University vivarium. C57BL/6 (B6, strain #027) mice
were purchased from Charles River Laboratories.
C57BL/6-Tg(UBC-GFP)30Scha/J (GFP; strain #004353) and
B6(Cg)-Tlr4tm2kare/J (TLR4/-, strain #029015) mice were
purchased from The Jackson Laboratory. All mice were
matintained on a 12:12 light/dark cycle and maintained on
a chow diet (ad libitum) unless otherwise specified. All
murine experiments were approved by Columbia Univer-
sity’s Institutional Animal Care and Use (IACUC) commit-
tee.

Reticulocyte induction and blood bank preparation
Reticulocytosis was induced with phenylhydrazine (PHZ),
or by iron deficiency followed by acute iron repletion.
PHZ: intravascular hemolysis was induced with two in-
traperitoneal (i.p.) injections of PHZ (Sigma) 50
mg/kg/day separated by 24 hours or saline control. Iron:
weanling (3-week-old) mice were placed on iron-defi-
cient (Harlan Teklad TD.110592) or replete (Harlan Teklad
TD.110593) diets for 4 weeks, followed by reticulocytosis
induction by i.p. injection of 5 mg of iron dextran (Aller-
gan NDC 00230608-10) and switching to iron-replete
chow.?®

Whole blood was collected by cardiac puncture into 14%
CPDA-1 4 days after PHZ or iron dextran injection, pooled,
filter leuko-reduced (Acrodisc WBC syringe filter, Pall),
packed to 60% hematocrit, and stored for 1 or 6 days at
4°C in 1.5 mL microcentrifuge tubes.

For reticulocyte quantification 1 uL of blood was incu-
bated with 2.5 nM of MitoTracker Deep Red FM (Thermo-
Fisher) for 30 minutes (min) at 37°C. After washing with
FACS buffer, samples were stained with antibodies
against CD45, CD41, and CD71 for 30 min at 4°C (Online
Supplementary Table S7)2 After washing with FACS
buffer, cells were analyzed using an Attune NxT flow
cytometer (ThermoFisher). CD41* platelets and CD45*
white blood cells were excluded and RBC were identified
using a 405 nm filter (i.e., no wash no lyse filter, Thermo-
Fisher)™. RBC were distinguished by CD71 expression:
CD71* reticulocytes and CD71° mature RBC. Data were
analyzed with FlowdJo software (BD Biosciences).

Red blood cell transfusion, post-transfusion recovery,
and red blood cell alloantibody detection

Stored RBC units were spiked 1:5 with fresh biotinylated
RBC units before transfusion (200 ul) into recipients, as
described.?® Blood samples were collected via tail punc-
ture and post-transfusion recovery (PTR) was measured
as the ratio of biotin-positive RBC to GFP-positive RBC
circulating 24 hours-post transfusion relative to the
same ratio in the spiked blood unit. Sera were collected
from recipients and total HOD alloantibodies (IgM + 1gG
+ I1gA) were quantified by flow crossmatch.?”
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Hematocrit and hemoglobin

Whole blood was collected from the submandibular vein
into microcentrifuge tubes containing EDTA. Hematocrit
was determined following micro-hematocrit capillary tube
centrifugation. Hemoglobin was calculated spectrophoto-
metrically (540 nm) using Drabkin’s reagent.

Cytokine production and splenic erythrophagocytosis
Recipients were transfused with 6-day stored PHZ, stored
control, or freshly collected GFP RBC units (350 ul).
Plasma collected 2 hours post-transfusion was diluted 1:1
in duplicate. Cytokines were quantified by a fluorescence-
encoded bead-based multiplex assay (LEGENDplex Mouse
Anti-Virus Response Panel, BioLegend), per manufac-
turer’s instructions. Spleens were processed into single
cells?” and splenocytes were stained with antibodies to
delineate leukocyte subsets (Online Supplementary Table
S7).89282% Results were acquired on an Attune NxT flow
cytometer (ThermoFisher) and data analyzed with FlowJo
software. Cell images were acquired on an Amnis ImageS-
treamX MKkll cytometer (Luminex); 20,000 CD19* B cells
per file were recorded using INSPIRE software at 60x
magnification. Analysis was performed using IDEAS 6.3
software.

Ultra-high-pressure liquid chromatography-mass
spectrometry metabolomics

Metabolomics analyses were performed using a Vanquish
ultra-high-pressure liquid chromatography (UHPLC)
coupled online to a Q Exactive mass spectrometer
(ThermoFisher, Bremen, Germany), as described.*® Data
were analyzed using Maven (Princeton University) and
Compound Discoverer 2.1 (ThermoFisher). Graphs and
statistical analyses were prepared with MetaboAnalyst
5.0.%

Protein digestion
Protein pellets from RBC units were digested, as de-
scribed.®?

Nano ultra-high-pressure liquid chromatography-
tandem mass spectrometry proteomics

Sample processing and data collection were performed
as described.??

Statistical analysis

A repeated measures two-way ANOVA with Sidak’s
multiple comparisons test was utilized for analysis of
alloantibody production over time. For comparison of
three or more groups, a one-way ANOVA with Tukey’s
multiple comparisons post-test was utilized. An un-
paired t test was used to compare two groups; P<0.05
was considered significant. Analyses were performed
using GraphPad Prism.
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Results

Transfusion of stored reticulocyte-rich blood units
enhances red blood cell alloimmunization

To test whether reticulocytes in RBC units modulate al-
loimmunization, RBC alloantibody production was evalu-
ated in mice transfused with allogeneic RBC units
containing elevated reticulocyte counts (experimental de-
sign in Figure 1A). In order to generate RBC units enriched
in reticulocytes, reticulocytosis was induced by PHZ, which
damages RBC, leading to hemolytic anemia followed by
stress-induced reticulocytosis.?®* A PHZ dose titration re-
vealed that CD71* reticulocyte frequency peaked in periph-
eral blood 3-4 days post treatment, with an optimal dose
of 50 mg/kg (Online Supplementary Figure ST). Thus, HOD
RBC donor mice, which express an RBC-specific HOD al-
loantigen, were treated with PHZ or saline control to gen-
erate RBC units. Compared to control, reticulocyte-rich
RBC units had higher reticulocyte levels (2% vs. 50%,
P<0.0001; Figure 1B) and the reticulocytes had an increased
frequency of mitochondria positivity (51% vs. 64%;
P<0.0001; Figure 1C), as determined using Mito-Tracker dye.
Allogeneic HOD RBC units were refrigerator-stored 6 days
before transfusion into wild-type B6 animals; sera were
collected weekly and assessed for anti-HOD alloantibodies
by flow crossmatch. Transfusion of stored reticulocyte-
rich RBC units (designated as “reticulocytes”) induced sig-
nificantly higher HOD alloantibody levels, compared to
stored saline control RBC (“control”) (P<0.001; Figure 1D),
with an >800-fold difference in RBC alloantibody levels in
recipients transfused with reticulocyte-rich RBC units,
compared to control (Figure 1E). Additionally, all recipients
transfused with reticulocyte-rich RBC units had detect-
able alloantibodies, compared to some animals in the con-
trol transfusion group that did not respond. In order to test
whether the enhanced RBC alloimmunization was due to
the method of inducing reticulocytosis, RBC units with
higher reticulocyte frequencies were also generated using
an iron-deficient/iron dextran injection mouse model. As
with PHZ-induced reticulocytosis, transfusing reticulo-
cyte-rich RBC units from iron-deficient/iron dextran injec-
tion donors induced significantly higher anti-HOD
alloantibody levels, compared to controls (Online Supple-
mentary Figure S2). Together, these data demonstrate that
transfusing reticulocyte-rich RBC units induces higher RBC
alloimmunization rates and alloantibody levels.

Transfusing stored reticulocyte-rich red blood cell units

enhances proinflammatory cytokine production

In order to test whether transfusing reticulocyte-rich RBC
units elicited an inflammatory response, plasma was col-
lected 2 hours post-transfusion and assayed for cytokines.
Transfusion of reticulocyte-rich RBC units led to signifi-
cant increases in MCP-1, CXCL1, CXCL10, and IFN-y levels,
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Figure 1. Transfusing refrigerator-stored reticulocyte-rich blood units enhanced red blood cell alloimmunization. (A) General
experimental timeline. HOD mice received 2 intraperitoneal (i.p.) injections of phenylhydrazine (PHZ) (50 mg/kg, referred to as
“Reticulocytes”) or saline control (referred to as “Control”) spaced 1 day apart. Four days after treatment, whole blood was col-
lected by cardiac puncture into 14% CPDA-1, leuko-reduced, packed to a 60% hematocrit, and stored for 6 days at 4°C before
transfusion (200 uL). For some experiments, on the day of transfusion, fresh red blood cells (RBC) were collected from biotiny-
lated or GFP mice as an additional control. (B) The percent reticulocytes and (C) the percent of mitochondria-positive reticulo-
cytes generated following PHZ and saline treatment. (D) Post-transfusion sera were analyzed for total anti-HOD RBC
alloantibodies by flow crossmatch. (E) Sera collected at 14 days post transfusion were titrated. Naive B6 sera were run in triplicate
to establish the background antibody level. Data are cumulative from 3 independent experiments with 5 mice/group. Data with
2 groups were analyzed with an unpaired t test whereas 3 groups were analyzed by a repeated measures one-way ANOVA with
Sidak’s multiple comparisons test and ***P<0.001, ****P<0.0001. Timeline figure created with BioRender.

compared to control (Figure 2). No significant differences
were noted in plasma IL-6, CCL5, IL-12, TNF-a, GM-CSF,
IFN-a, IFN-f, IL-10, or IL-1p levels (data not shown). To-
gether, these data suggest that transfusing reticulocytes
elicited a strong, albeit selective, inflammatory response,
characterized by significant chemokine production.

Reticulocyte-rich red blood cell units have elevated
levels of mitochondrial metabolites and proteins
Untargeted and targeted metabolomics analyses using
UHPLC-MS were performed on 6-day-stored reticulocyte-

rich and control RBC units; detailed results are in the On-
line Supplementary Table S2. The metabolic phenotypes of
reticulocyte-rich blood differed substantially from con-
trols. Hierarchical clustering analysis (Figure 3A) high-
lighted significant associations of reticulocytes with
metabolic pathway differences in lipid (fatty acid, phos-
pholipid, and sphingolipid), amino acid, and purine metab-
olism. Volcano plots (Online Supplementary Figure S3)
from targeted metabolomics analysis highlighted the top
metabolites that increased (red) or decreased (blue) in
reticulocyte-rich RBC units as compared to controls. Path-
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Figure 2. Induction of inflammatory cytokines after transfusing refrigerator-stored reticulocyte-rich red blood cell units. Reti-
culocyte-rich and control red blood cell (RBC) units were generated (as in Figure 1) using whole blood collected from GFP animals.
RBC units were stored for 6 days and transfused into wild-type B6 animals. Plasma was collected 2 hours post-transfusion and
analyzed for cytokines. Data shown are cumulative of 2 independent experiments with 3-4 mice/group. Data were analyzed with

an unpaired t-test; ****pP<0.0001, ***P<0.001, *P<0.05.

way analysis of untargeted metabolomics data (Figure 3B)
revealed altered regulation of metabolic pathways sug-
gesting active mitochondrial function (i.e., p oxidation, tri-
carboxylic acid cycle [TCA], urea cycle, malate-aspartate
shuttle, and glycerol-3-phosphate shuttle) and mitochon-
drial synthesis (cardiolipin synthesis).

Proteomics analyses were also performed on 6-day-stored
reticulocyte-rich and control RBC units. Hierarchical clus-
tering analysis (Figure 3C) highlighted significant associ-
ations of reticulocytes with proteins of mitochondrial
origin upon gene ontology enrichment analysis for cell lo-
calization, with the most differentially expressed proteins
involved in mitochondrial fatty acid metabolism, the TCA
cycle, electron transport chain, ATP synthesis, mitochon-
drial structure, and mitochondrial oxidative stress (Figure
3D).

Stored reticulocyte-rich red blood cell units have
reduced post-transfusion recovery and are preferentially
ingested by splenic B cells

Based on enhanced cytokine production by, and the de-
tectable mitochondrial byproducts in, reticulocyte-rich
RBC units, we hypothesized that clearance of transfused
RBC from the circulation would be accelerated. In order to
test this, recipients were transfused with reticulocyte-rich
or control RBC units and PTR (i.e., the percentage of trans-
fused RBC remaining in the circulation for 24 hours) de-
termined. Reticulocyte-rich RBC units had significantly
reduced PTR at 24 hours, compared to control (P<0.0001,;
Figure 4A). To elucidate which cells were responsible for
RBC clearance, reticulocyte-rich and control RBC units
were generated using GFP mouse donors. Recipient B6
mice were then transfused with stored reticulocyte-rich,
stored control, or freshly collected GFP RBC units and
spleens harvested from recipients 2 hours later. Total sple-
nocyte numbers were calculated and cells were stained
with antibodies to identify antigen presenting cell (APC)
subsets. For analysis, T cells and RBC (or cells with RBC
attached to their surface) were excluded from total live

splenocytes by excluding those positive for Thy1.2 and/or
Ter119; GFP fluorescence provided an indirect measure of
RBC consumption.?®? Enumerating leukocytes revealed a
significant decrease in total cell numbers and in APC sub-
sets, including F4/80* macrophages, CD8* DC, and CD19*
B cells, in recipients transfused with reticulocyte-rich RBC
units, compared to stored and fresh control RBC units
(Figure 4B, C). No significant numerical differences in
CD11b* DC were noted. Evaluating leukocytes for GFP flu-
orescence showed a significant increase in the frequency
of GFP* cells, suggesting that transfused reticulocyte-rich
RBC units were being consumed by more leukocytes, as
compared to controls (P<0.0001; Figure 4D). Individual APC
subsets were interrogated for GFP fluorescence to deter-
mine which participated in erythrophagocytosis. As pre-
viously reported,** transfusing stored control RBC units
induced increased RBC consumption by macrophages,
CD8* DC, and CD11b* DC, compared to fresh GFP control
RBC (Figure 4E). However, as compared to stored control
RBC units, RBC consumption from reticulocyte-rich units
was significantly increased in CD8* and CD11b* DC; non-
etheless, consumption by macrophages was not enhanced
and was similar to fresh RBC controls. Unexpectedly, B
cells markedly consumed RBC from transfused reticulo-
cyte-rich units, compared to stored and fresh controls.
These data demonstrate that transfusing reticulocyte-rich
RBC units leads to significant changes in splenocyte cell
subset composition and RBC consumption patterns. The
most striking finding was that >20% of B cells had detect-
able GFP fluorescence, suggesting that a unique RBC con-
sumption pattern may be associated with stored
reticulocyte clearance.

In order to elucidate which splenic B cell subsets were in-
volved in clearing reticulocyte-rich RBC units, B cells were
gated into follicular, marginal zone, and B1 B-cell subsets
(gating strategy in the Online Supplementary Figure S4).%8
Low levels of erythrophagocytosis by B-cell subsets were
observed after transfusing stored or fresh control RBC
units (Figure 5A). In contrast, there was a marked increase
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Figure 3. Omics analysis revealed mitochondrial metabolites and proteins in reticulocyte-rich red blood cell units. Aliquots of
6-day-stored reticulocyte and control red blood cell (RBC) units were subjected to omics analysis. (A) Hierarchical clustering
analysis highlighting significant metabolic changes between control and reticulocyte-rich RBC units. (B) Pathway analysis of un-
targeted metabolomics data. (C) Hierarchical clustering of significantly different proteins between control and reticulocyte-rich
RBC units. In (D), zoom in on a subset of mitochondrial proteins (by gene ontology of cell localization) whose levels are higher

in reticulocyte-rich RBC units, compared to controls.

in GFP* B cells following transfusion with reticulocyte-rich
units. The most prominent signal was with innate B1 B
cells, with approximately 45% positive for GFP. In order to
confirm whether B cells actually internalized RBC,
samples were analyzed with an imaging cytometer. With
reticulocyte-rich samples, three GFP expression patterns
emerged: diffuse GFP signal within CD19* staining, punc-
tate GFP signal along the cell membrane, and clusters of
GFP signal within the B cell (Figure 5B, top; Online Sup-

plementary Figure S5). In contrast, in controls, only punc-
tate GFP signal along the B-cell membrane was detect-
able, along with a few cells that had RBC particulates
attached to the B-cell surface (Figure 5B, bottom). In
samples from the fresh control RBC transfusion group,
very few GFP* B cells were detected and most positive
events reflected RBC particulates attached outside the B
cell, as indicated by brightfield images (Online Supple-
mentary Figure S5); this was consistent with the fre-
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Figure 4. Transfusion with refrigerator-stored reticulocyte-rich red blood cell units led to increased red blood cell consumption.
In order to determine post-transfusion recovery (PTR), reticulocyte-rich and control red blood cell (RBC) units were generated
from GFP mice. After 6 days of storage, RBC units were spiked with freshly-biotinylated freshly-obtained RBC (as a tracer) and
350 uL were transfused into wild-type B6 recipients. (A) Whole blood was sampled 24 hours later and the frequency of GFP*
RBC was normalized to biotinylated RBC to determine PTR. In order to evaluate cellular sites of RBC consumption, B6 recipients
were transfused with 350 uL of freshly collected GFP* RBC or 6-day-stored RBC units (i.e., reticulocyte or control). Spleens were
collected 2 hours post-transfusion and splenocytes stained with antibodies to delineate APC subsets. GFP signal level was used
as an indirect measure of erythrophagocytosis. The total number of cells per spleen were calculated for (B) Thy1.2°Ter119- leuko-
cytes and for (C) individual APC subsets. The frequencies of GFP* (D) Thy1.2°Ter119- leukocytes and (E) individual APC subsets
were determined. The following phenotypes were used to delineate APC subsets: macrophages: CD11c’°CD11b~'°F4/80*; CD8*
dendritic cells (DC): CD11cMCD8*CD11b~; CD11b* DC: CD11cMCD11b*CD8"; and B cells: CD19*. Data are aggregated from at least 3 in-
dependent experiments with 3-4 mice/group. Data were analyzed with an unpaired t test for 2 groups or one-way ANOVA with

Tukey’s multiple comparisons test; ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05.

quency of cells with GFP signal inside the cell mem-
brane (Figure 5C).

Red blood cell alloimmunization is enhanced, even
after shorter storage and fewer reticulocytes

Because refrigerator storage adversely affects RBC
quality, and because reticulocyte counts are much
higher in reticulocyte-rich RBC units generated from
mice, as compared to volunteer human donors, we gen-
erated mouse RBC units with defined reticulocyte fre-
quencies. HOD RBC units were refrigerator-stored for 1
day (equivalent to ~3 days of storage for human RBC
units) and then transfused into recipients. Transfusing
RBC units with as few as 5% reticulocytes induced sig-
nificant alloantibody production, as compared to con-

trol (i.e., <2% reticulocytes) (Figure 6A). There was a sig-
nificant direct correlation between reticulocyte fre-
quency in the RBC donor unit and alloantibody
production; this relationship was significant even at low
reticulocyte frequencies. Lastly, in order to test whether
B-cell subsets consumed RBC from 1-day-stored reti-
culocyte-rich units, GFP fluorescence of follicular, mar-
ginal zone, and B1 B-cell subsets was assessed;
significant RBC consumption was observed in each of
these subsets following reticulocyte-rich RBC trans-
fusions, compared to controls (Figure 6B). Thus, B-cell
consumption patterns were similar between 1- and 6-
day-refrigerator-stored reticulocyte-rich RBC units.
These findings were visually confirmed by imaging cyto-
metry (Figure 6C; Online Supplementary Figure 6S). Col-
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Figure 5. Multiple B-cell subsets consume stored reticulocytes. Recipients were transfused with 350 uL of freshly collected GFP*
red blood cells (RBC) or 6-day-stored RBC collected from phenylhydrazine (PHZ) or saline-treated mice. Spleens were collected
2 hours post-transfusion and splenocytes stained with antibodies to delineate APC subsets. GFP signal level was used as an in-
direct measure of erythrophagocytosis. (A) Total frequency of GFP* cells for each B-cell subset was calculated by flow cytometry.
(B) Imaging analysis of B cells from mice transfused with refrigerator-stored reticulocyte-rich (top) or stored saline (bottom) RBC
units. Cell #4492 demonstrates RBC internalization by a B cell whereas #2527 represents an RBC adhered to the surface of a B
cell. (C) Percentage of CD19*GFP* cells with GFP* RBC located inside their cell membrane. The phenotypes used to delineate CD19*
B-cell subsets were follicular (FO; B220*IgD*IgMloCD23*CD93"), marginal zone (MZ; B220*IgD*IgM*CD23-CD93"), and B1 (B220%/-
CD43%). In order to exclude RBC attached to the external B-cell surface, Ter119* cells were excluded from parent gates. Data are
cumulative from 2 experiments with n=3-4 mice/group. Data were analyzed with one-way ANOVA with Tukey’s multiple compari-
sons test; ****P<0.0001.

lectively, these data show that even low reticulocyte
counts make RBC units more immunogenic, and that
prolonged refrigerator storage is not required for this
enhanced alloimmunization.

TLR4 is not required for reticulocyte-mediated
enhanced alloimmunization

Reticulocytes contain endogenous danger signals that
can induce inflammation upon recognition by immune
cells. Because stress-reticulocytes are more prone to
hemolysis?®?' (thereby releasing free heme?®®) and con-

tain mitochondria (enveloped in cardiolipin),*® we hypo-
thesized that TLR4 was required for the observed en-
hanced alloimmune responses upon reticulocyte-rich
transfusion. To that end, B6 and TLR4/- recipients were
transfused with reticulocyte-rich or control RBC units;
no significant differences in anti-HOD alloantibodies
were observed 14 days post-transfusion (Figure 7).
Therefore, reticulocyte-mediated enhanced alloimmune
responses do not require TLR4 signaling. These data
also rule out the potential contribution of LPS contami-
nation in RBC unit production.
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Figure 6. Red blood cell alloimmunization is stimulated, even with shorter storage duration and lower reticulocyte frequencies.
Red blood cell (RBC) units with defined reticulocyte frequencies were generated by titrating whole blood from phenylhydrazine
(PHZ)-treated animals into RBC collected from saline-treated animals. RBC units were leukoreduced and stored at 4°C for 1 day
before transfusion into B6 recipient mice. (A) RBC alloantibodies were quantified by flow crossmatch at 14 days post-transfusion
and alloantibody mean fluorescence intensity (MFI) was plotted against the RBC unit reticulocyte frequency. Data were analyzed
with a one-way ANOVA and tested for linear trend. Data are cumulative of at least 3 independent experiments and each data
point is 1 mouse, <2% (N=25), 5% (N=15), 10% (N=13), 33% (N=5), 40% (N=15), 45% (N=5). (B) Flow analysis revealed that multiple
B-cell subsets consumed GFP* RBC from reticulocyte-rich RBC units and this was confirmed visually by (C) imaging analysis. For
RBC consumption, data were analyzed with a one-way ANOVA with Tukey’s multiple comparisons test; ****P<0.0001, ***P<0.001.

Discussion

These results demonstrate that increased reticulocyte
count in a refrigerator-stored RBC unit can enhance
transfusion-induced RBC alloimmune responses. Reticu-
locyte-mediated modulation of alloimmunization was
dose-dependent, and was not an artifact of PHZ treat-
ment as a similar effects were observed using reticulo-
cytes generated from an iron deficiency/iron repletion
model. Moreover, reticulocyte-enhanced alloimmunization
was independent of refrigerator storage duration because
transfusing reticulocyte-rich RBC units refrigerator stored
for either 1 or 6 days enhanced alloimmunization rates
and alloantibody levels. In order to explore underlying
mechanisms, transfusion of reticulocyte-rich RBC units
elicited pro inflammatory cytokines, and transfused RBC
were cleared more rapidly, preferentially by splenic B
cells. Lastly, we show that the observed reticulocyte-me-

diated enhanced alloimmune responses did not require
TLR4 signaling; these data exclude the possibility of LPS
contamination and rule out some potentially immunogenic
reticulocyte-derived ligands, such as heme and cardiolipin.
Together, these findings imply that reticulocytes in RBC
units may be immunogenic and could enhance alloimmune
responses, even in otherwise stable recipients; this finding
may have implications for transfusions into all human pa-
tients, particularly those at highest risk for allo-immuniza-
tion.

Approximately 70% of the blood supply in the USA derives
from repeat volunteer blood donors.?"*® Because blood
donation typically removes approximately 10% of the total
blood volume, compensatory stress erythropoiesis in-
creases production of erythroid precursors and the pre-
mature release of reticulocytes; although the minimum
inter-donation interval for blood donation in the US is 56
days, elevated reticulocyte counts (over baseline) are ob-
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Figure 7. TLR4 is not required for reticulocyte-mediated en-
hanced red blood cell alloimmunization. Reticulocyte-rich and
control red blood cell (RBC) units, generated from phenylhydra-
zine (PHZ)-treated HOD donor animals, were leuko-reduced
and stored 1 day at 4°C before transfusion into wild-type B6
or TLR4"- mice. Sera was collected 14 days post-transfusion
and analyzed for total anti-HOD RBC alloantibodies by flow
crossmatch. Data are from 1 experiment with 4-5 mice/group.
Data were analyzed with a two-way ANOVA with Sidak’s
multiple comparisons test; ns: not significant.

served even after approximately 160 days after dona-
tion.®* Thus, frequent donation by repeat blood donors
can yield RBC units with higher reticulocyte counts. Ad-
ditionally, current guidance for iron-deficient volunteers
is to take iron supplements before donation, which also
promote stress erythropoiesis.” Reticulocytes differ from
their mature counterparts by: i) containing immune-en-
hancing organelles (e.g., mitochondria), lipids, and residual
RNA; ii) expressing surface antigens that promote adher-
ence (e.g., CD44, CD36); and iii) being larger and less de-
formable. Compared to steady-state reticulocytes, stress
erythropoiesis-induced reticulocytes also contain signifi-
cantly more organelles (e.g., mitochondria, ribosomes),
express higher levels of surface molecules mediating ad-
herence, and have shorter circulatory lifespans due to
their size, decreased deformability, and susceptibility to
shear stress.®23 Thus, reticulocytes, and especially stress-
induced reticulocytes, contain and/or express immune-
enhancing components.

Recipient inflammation is associated with higher alloim-
munization rates and alloantibody levels.*® Because RBC
alloimmunization correlates with type | IFN levels, and be-
cause stress-induced reticulocytes contain ligands that
could stimulate type I IFN production (e.g., mitochondrial
DNA®) we measured plasma IFN-a and IFN-B. Unex-
pectedly, no significant levels were detectable. This could
be due to timing, as plasma was collected 2 hours post-
transfusion, or location (e.g., production localized to the
spleen); additionally, it could indicate that type | IFN are
not required for reticulocyte-enhanced alloimmunization.
Nonetheless, transfusion of reticulocyte-rich units elicited
high levels of proinflammatory cytokines and chemokines.
Other potentially immunogenic reticulocyte components

T.A. Thomas et al.

include mitochondria-derived cardiolipin and heme, both
of which are TLR4 ligands. However, transfusing reticulo-
cyte-rich RBC units into TLR4/- and control recipients led
to similar alloantibody levels (Figure 7), demonstrating
TLR4 is dispensable for these enhanced alloimmune re-
sponses. Future studies will identify which signaling path-
ways are required for reticulocyte-mediated enhanced
alloimmunity.

In a departure from typical RBC clearance patterns,® B
cells preferentially consumed RBC derived from reticulo-
cyte-rich units. Macrophages are typically responsible for
steady-state removal of senescent and/or damaged
RBC.%3* In murine models of RBC alloimmunization, with
transfusion of stored RBC or in the context of inflamma-
tion, macrophages and DC subsets (CD11b* and CD8*) play
critical roles in initiating alloimmune responses.®** Al-
though B-cell consumption of transfused RBC is, indeed,
a prerequisite for alloantibody production, very few B cells
are typically observed in this process. In contrast, B cells
play a major role clearing transfused RBC from reticulo-
cyte-rich units. Because of the high frequency of follicular
and marginal zone B cells co-localizing with RBC, it is un-
likely that RBC phagocytosis is B-cell receptor (BCR)-me-
diated; however, B1 B cells express polyreactive BCR that
bind many autoantigens, including phosphatidylserine
(PS), which is expressed at high levels on stress-induced
reticulocytes.***" As such, future studies will strive to
identify which RBC characteristics of RBC (e.g., PS ex-
pression, mitochondrial content) are required for their en-
hanced consumption by B cells and subsequent
alloantibody production. Additionally, innate B1 B cells can
participate in BCR-independent endocytosis,*? although
the underlying mechanisms are not yet defined. As all B
cells express complement receptors and Fc receptors,*44
these pathways may be involved in erythrophagocytosis.
Elucidating the key pathways required for B-cell activation
following their consumption of RBC in this setting will be
an important focus of future experiments.

As anemia of many etiologies induce stress erythropoiesis,
one potential limitation of these studies is that various
stresses may produce differences in the resulting reticu-
locytes. Thus, it is possible that reticulocyte-containing
RBC units generated from repetitively phlebotomized ani-
mals may not enhance RBC alloimmunization. In order to
address this concern, the current studies utilized two dif-
ferent models of anemia—chemically-induced hemolytic
anemia and iron deficiency anemia followed by iron reple-
tion—to induce reticulocytosis. Transfusing RBC units
generated with either model enhanced alloimmunization
rates and alloantibody levels, as compared to controls.
Another limitation is the inability to distinguish steady-
state and stress-induced reticulocytes to assess their
relative contributions to RBC alloimmunization; we are
optimizing approaches to define a distinct phenotype for
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stress-induced reticulocytes, which would be essential for
screening RBC donor units and attributing specific func-
tional outcomes in response to post-transfusion clear-
ance. Although most studies presented herein utilized
artificially high reticulocyte frequencies in donor RBC
units for initial phenomenological studies, clinically rel-
evant enhanced alloimmune responses were observed
with as few as 5% reticulocytes (Figure 6A); it is note-
worthy that the average reticulocyte frequency in unma-
nipulated animals in our studies is approximately 2%
(Figure 6A), which is approximately twice the average ob-
served in humans; this is likely due to the shorter lifespan
of RBC in mice (~45 days) compared to humans (~100-120
days).*® Thus, while these findings may be clinically rel-
evant to human transfusion, studying reticulocyte-di-
rected immune responses is biologically relevant to many
other systems (e.g., neocytolysis,*® malaria,*” production
of in vitro universal donor RBC*® etc.).

RBC transfusion is an essential therapy in numerous dis-
eases and is the most common inpatient therapeutic
procedure requiring consent, with approximately 11 million
transfusions per year in the US.*® Although RBC trans-
fusions can be lifesaving, some patients develop alloanti-
bodies against donor RBC blood group antigens. RBC
alloimmunization is clinically significant because it can
cause adverse events (e.g., hyperhemolysis) and pose bar-
riers to future care (e.g., organ transplantation). In addi-
tion, alloantibody prevention and detection, and
mitigation of adverse events, currently requires significant
medical, financial, and human resources. As such, ident-
ifying risk factors that promote alloimmunization is a high
priority and would allow for reallocation of resources to
patients most at-risk and provide potential therapeutic
interventions. Herein, we demonstrate that the reticulo-
cyte count in donor RBC units can enhance RBC alloim-
munization, suggesting that increased reticulocyte
frequencies may make RBC units more immunogenic and
screening for reticulocyte count and/or lengthening the
time between donations for repeat blood donors may re-
duce alloimmunization events.
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