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Red blood cell alloimmunization remains
a major complication for transfusion-
dependent patients, but immune factors
governing risk for alloimmunization are
unknown. We hypothesized that CD4+
regulatory T cells (Tregs), which we have
shown control the rate and the frequency
of red blood cell alloimmunization in
mouse models, may dictate responder/

nonresponder status. Using a transfu-
sion regimen in which more than 50% of
mice develop alloantibodies to human
glycophorin A antigen, we found reduced
in vitro and in vivo Treg-suppressive activ-
ity in responders compared with nonre-
sponders that was the result of impaired
Treg suppressor function. Moreover, re-
sponders were prone to developing addi-

tional alloantibodies to strong immuno-
gens, whereas nonresponders were
resistant to alloimmunization. Altogether,
our data raise the possibility that Treg
activity may be used as a marker for
identifying responder/nonresponder sta-
tus in transfusion recipients. (Blood. 2009;
113:5624-5627)

Introduction

Exposure to red blood cell (RBC) alloantigens through transfusion,
pregnancy, or transplantation may result in production of antibod-
ies in the recipient. Alloimmunization may cause several complica-
tions, including delay in obtaining matched blood as well as
potentially life-threatening delayed hemolytic transfusion reac-
tions, and autoimmunization.!* RBC alloimmunization rates are
reportedly as low as 0.5% in transfusion recipients but are highest
in chronically transfused patients with hemoglobinopathies.>®
Even nonchronically transfused patients who become alloimmu-
nized are 20 times more likely to form additional antibodies after
one or more repeat transfusion events.’

Several factors are predicted to influence the recipient’s
immune system to react to alloantigens, including the dose and
the immunogenicity of the antigen as well as genetic or acquired
patient-related factors.®!'! However, possible differences in the
immune makeup of transfused patients who make alloantibodies
(responders) and those who do not (nonresponders) are not
known. By identifying such markers, it may be possible to
predict in advance responders and nonresponders, thereby
avoiding the use of costly antigen-matched units for nonre-
sponders, and only selecting phenotyped-matched units!12-15 for
responders to reduce alloimmunization-associated morbidity
and mortality. CD4 " regulatory T cells (Tregs) characterized by
coexpression of Foxp3 and CD25 are key regulators of a wide
spectrum of immune responses,'® suppressing activation and
proliferation of effector T cells and other immune cells in vivo
and/or in vitro.!” We recently found that manipulation of Treg
numbers affects the rate and frequency of RBC alloimmuniza-

tion in mouse models of RBC transfusions.'® Given that Tregs
participate in the control of transfusion-associated RBC alloan-
tibody responses,'8 we hypothesized that Treg status may differ
between responders and nonresponders. In this study, we used a
mouse RBC alloimmunization model to test this hypothesis.

Methods

Mouse studies

Male or female 12-week-old C57/BL6 mice were transfused intravenously
with 50 wL Ficoll-treated packed RBCs from transgenic human glycoph-
orin A (huGPA)" or Duffy Fy® mice,?’ equivalent to 1 to 2 packed RBC
units with 50 wg unmethylated CpG-containing oligonucleotides (CpG-
ODN)!82! for the first week and then on a weekly basis for 2 to 3 additional
weeks with RBCs alone. Alloantibody levels in blood samples obtained by
retro-orbital sinus bleeding were measured by incubating diluted plasma
with GPA transgenic RBCs and analysis by flow cytometry.!® RBC survival
studies were performed as previously described.??> Foxp3 expression in
splenocytes was measured by intracellular staining with anti-Foxp3 follow-
ing the manufacturer’s instructions (eBioscience, San Diego, CA) and
analysis by flow cytometry.

For adoptive transfer experiments, 10° purified sorted splenic
CD47CD257 cells (> 95% purity; data not shown) were injected in the tail
vein, followed by the aforementioned transfusion regimen a day later.'8 All
animal procedures were performed as approved by the Institutional Animal
Care and Use Committee of the New York Blood Center.
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Figure 1. Mouse model of RBC alloimmunization. (A) Mice (n = 38, 6 separate
experiments) were given intravenous transfusion of buffy-coated/granulocyte-
depleted huGPA RBCs (equivalent to 1-2 packed units) with CpG-ODN adjuvant,
followed by weekly transfusions of red cells alone for another 3 weeks. The
presence of IgG-specific alloanti-huGPA in plasma from mice was then measured
using diluted plasma (1 in 4) and huGPA transgenic RBCs followed by analysis
using flow cytometry and is expressed in fluorescent units on the y-axis. Some
mice (n = 17) did not receive any transfusions (“control”). The square box
represents the cohort with the highest levels of alloantibodies, whereas the oval
box includes the group with background control levels of alloanti-huGPA. (B) Red
cell survival studies were performed using approximately 50 pL of PKH-26-
labeled huGPA red cells transfused into mice with the highest levels of alloanti-
huGPA (square box in panel A and line with @ in panel B, n = 5) and into mice with
background levels of alloanti-huGPA (oval in panel A and line with O in panel B,
n = 5). Control B6 mice were transfused with labeled wild-type red cells to show
normal red cell survival (—, n = 3). Percentage survival of transfused cells is
shown on the y-axis, and time in days is shown on the x-axis. Error bars represent
SEM. Recipients with highest levels of alloanti-huGPA in addition to shortened
transfused allogeneic RBC survival were designated “responders,” and those with
background alloantibody levels plus normal RBC survival were called “nonre-
sponders.”

Proliferation assay

CD4+CD25~ and CD4*CD25* T cells (5 X 10* cells/well) were cultured
in duplicates or triplicates alone or together at various ratios in the presence
of anti-CD3 (clone, 1 pg/mL; BD Biosciences, San Jose, CA) together with
5 X 10%well of irradiated splenocytes from responder mice as antigen-
presenting cells for 72 hours. The cultures were pulsed with 1 uCi
[*H]thymidine for the last 16 hours.

Statistical analysis

The significance of differences between groups of mice was calculated
using the Student 7 test. Relationship between levels of alloanti-huGPA and
alloanti-FyP was determined by the Pearson r correlation.

Results and discussion

Using a weekly transfusion regimen with allogeneic huGPA
RBCs in which the administration of CpG-ODN adjuvant is
confined to the first week, more than 50% of B6 mice developed
alloantibodies after 4 weeks (Figure 1A, 6 separate experi-
ments), indicating minor genetic or environmental variations
even within inbred mouse strains. Transfused recipients were
grouped as either nonresponders (no alloantibodies with normal
transfused allogeneic RBCs survival) or responders (with high-
est alloanti-huGPA levels plus shortened transfused RBC sur-
vival; Figure 1) to explore potential Treg-associated differences
between the 2 cohorts. Analysis of Foxp3 expression indicated
no differences in the frequency of Tregs between responders and
nonresponders (Figure 2A,B).

In vitro suppression of T-cell receptor—stimulated prolifera-
tion of other T cells is a commonly used assay for assessing Treg
suppressive function.>** We examined the immunosuppressive effects
of responder and nonresponder Tregs on proliferation of autologous
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effector CD47CD25~ cells (n = 3, involving 2-4 mice per group).
Sorted Tregs from both groups were equally hyporesponsive to poly-
clonal stimulation with anti-CD3 and antigen-presenting cells (CH
incorporation for responders 833 * 27 cpm and nonresponders
748 * 65 cpm; P > .3), indicating that Tregs from both cohorts of mice
do exhibit the characteristic anergic Treg phenotype. In contrast, sorted
CD47CD25~ cells from both responders and nonresponders prolifer-
ated (*H incorporation for responders, 14381 = 4105 cpm; nonre-
sponders, 10660 = 2200 cpm; P > .4). On coculture of autologous
CD47CD25* and CD4*tCD25 cells at different ratios, Tregs from
nonresponders and responders suppressed proliferation of effector
T cells at 1:1 and 1:2 ratios in a dose-dependent manner (Figure 2C).
However, Tregs from nonresponders were better suppressors as indi-
cated by lower proliferation rates at low Treg to CD4*CD25™ ratios (at
1:4 ratio, 18% vs 29%; at 1:8 ratio, 25% vs 43%; and at 1:16 ratio, 38%
vs 60%, all P < .05, Figure 2C).

The reduced regulatory function in responders could be the
result of a decrease in their Treg function or to refractoriness of
their CD4*CD25~ cells to suppression. Cross-mixing experi-
ments were performed in which responder and nonresponder
Tregs were cocultured with the autologous and the converse
CD47CD25" cells from either nonresponders or responders. At
1:16 CD4*CD25"/CD4+*CD25" ratios, responder Tregs could
not effectively inhibit proliferation of nonresponder or re-
sponder CD47CD25" cells (Figure 2D), indicating an inherent
impaired suppressor function in responder Tregs. In contrast,
Tregs from nonresponders suppressed the proliferation of
CD4%CD25~ cells from both responders and nonresponders
to a similar degree (Figure 2D), indicating normal responsive-
ness of responder effector cells to suppression. We next
examined whether the demonstrated differential in vitro Treg
activity affected alloimmunization rates in vivo. Naive B6 mice
were adoptively transferred with sorted splenic Tregs from
responders and nonresponders before initiation of the transfu-
sion regimen with huGPA RBCs. We found that, although
adoptive transfer of responders and nonresponder Tregs
suppressed the levels of alloantibodies in transfusion recipients,
suppression was more effective in mice treated with Tregs
from nonresponders (Figure 2E, P = .004), consistent with the
in vitro data.

We also tested whether responders with less suppressive Treg
activity are more susceptible to developing additional alloanti-
bodies if challenged, and conversely, whether nonresponders
with better Treg suppressors are resistant to development of
additional alloantibodies. We used RBCs from transgenic mice
expressing human Duffy Fy® antigen.?® We found that mice
mounted a weaker alloanti-Fy® response compared with alloanti-
huGPA responses using our standard transfusion regimen (data
not shown), indicating that huFy® is less immunogenic than
huGPA. When mice were transfused with huGPA RBCs fol-
lowed by huFy® RBCs, 17 of 29 mice produced alloanti-huGPA,
but none of the mice developed detectable alloanti-Fy®. In the
reverse transfusion experiment using huFy® RBCs first and then
huGPA RBCs, the levels of alloanti-huGPA production corre-
lated with those of alloanti-Fy® (Figure 2F, Pearson r = 0.66 and
P = .002). These data suggest that, despite a reduced Treg
activity in responder mice, the immunogenicity of the second
alloantigen is an important factor in eliciting an immune
response.?’ Nevertheless, nonresponders with the demonstrated
potent Treg suppressor function are resistant to making sub-
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Figure 2. In vitro and in vivo Treg-suppressive activity of responders versus nonresponders. (A) Representative dot plot of CD25 and Foxp3 reactivity of gated
CD4* T-cell population in mouse splenocytes. Isotype control for anti-Foxp3 antibody was used to set the gates for calculating the percentage of the Foxp3+CD25* cells
within the CD4* subset. (B) The percentages of Foxp3tCD25" cells in splenocytes of nontransfused (“Nontransfused controls”) as well as nonresponder and responder
mice as calculated by the gating strategy shown in panel A. (C) Sorted splenic suppressor Treg (CD4"CD25") and T effector (CD4*CD25") cells were stimulated with
accessory cells from responders and anti-CD3 antibodies alone or cocultured at various suppressor/T effector ratios (CD4+*CD25+/CD4*CD25" of 1:1, 1:2, 1:4, 1:8,
and 1:16). Proliferation was measured by incorporation of [®H]thymidine. The mean percentage proliferative responses of stimulated CD4+*CD25~ cells by autologous
CD4*CD25" cells from responders (®) and nonresponders (O) was calculated as (cpm incorporated in the coculture)/cpm of effector T cells alone) X 100%.
Proliferative responses of T effectors were thus normalized to 100%. Addition of CD4+*CD25" cells at 1:1 ratios to CD4"CD25~ T effector cells inhibited proliferative
responses, and decreasing the number of CD4*CD25* cells resulted in more proliferation (less suppression). For comparison, percentage proliferation of CD4*CD25*
when stimulated alone (1:0) is also shown. Error bars represent SEM. The P values show the statistically significant differences in suppression of proliferation between
responders and nonresponders at the indicated suppressor/effector ratios. In Figure S1 (available on the Blood website; see the Supplemental Materials link at the top
of the online article), the comparative proliferation of mice treated with CpG-ODN alone for 1 week is shown. (D) CD47CD25~ nonresponder T effector cells were
cocultured with CD4*CD25" Tregs from responders ([ll) and CD4*CD25~ responder T effector cells were cocultured with CD4+CD25* Tregs from nonresponders (),
and mean percentage proliferation was calculated for the 1:16 suppressor/effector T-cell ratio. For comparison, the mean percentage autologous proliferative
responses of nonresponders ([J) and responders (M) from panel C are shown. The indicated P values reflect the difference between the proliferation of nonresponder
CD4*CD25 using CD4*CD25" from responders and nonresponders as well as differences between the proliferation of responder CD4*CD25~ using CD4*CD25*
from responders and nonresponders. Tregs from nonresponders were equally effective in suppressing T effector cells from responders and nonresponders (P = .5; not
indicated in the figure). Similarly, responder Tregs suppressed T effector cells from responders and nonresponders to the same degree (P = .9; not indicated in the
figure). (E) Groups of mice were adoptively transferred with CD4+*CD25* from splenocytes of nonresponder (“+ CD4*CD25* Non-responder”) and responder
(“+ CD4*CD25" Responder”) syngeneic mice. After 24 hours, the mice were given intravenous transfusions of buffy-coated/granulocyte-depleted huGPA red cells
(equivalent to 1-2 packed units) with CpG-ODN adjuvant followed by weekly transfusions of red cells alone for another 3 weeks. After that, levels of alloantibodies (IgG)
in the plasma were measured using diluted plasma (1 in 4) followed by analysis using flow cytometry and are expressed in fluorescent units on the y-axis. Levels of
alloanti-huGPA in untransfused (“control”) and nonadoptively transferred transfused mice (“RBC transfused”) from Figure 1A is also shown. The P values indicate the
difference in alloantibody levels in nonadoptively transferred transfused mice (“RBC transfused”) and mice adoptively transferred with nonresponder Tregs (P = .005)
as well as the difference in alloantibody levels in mice adoptively transferred with Tregs from nonresponders (“+ CD4*CD25* Non-responder”) versus responders
(“+ CD4+CD25" Responder”; P = .004). In Figure S2, alloanti-huGPA levels after adoptive transfer of control, nonsuppressive CD4*CD25- sorted cells from
responders and nonresponders are shown. (F) Mice were given intravenous transfusion of buffy-coated/granulocyte-depleted red cells from human Duffy Fy® (huFy®)
transgenic mice (equivalent to 1-2 packed units) with CpG-ODN adjuvant followed by weekly transfusions of red cells alone for another 2 weeks. The mice were then
given a single transfusion of huGPA RBCs (no CpG). The presence of IgG-specific alloanti-GPA and allo-Fy® in plasma from mice was then measured using diluted
plasma (1 in 4) and huGPA or huFy® transgenic red cells ,followed by analysis using flow cytometry, and is expressed in fluorescent units on the y-axis and x-axis,
respectively. The correlative relationship between the 2 sets of values is indicated by Pearson r and P values. The upper and lower 95% confidence interval bands of the
regression line (—) are shown by the dotted lines.
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