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Abstract

Red blood cell alloimmunization is a major complication of transfusion therapy. Host immune
markers that can predict antibody responders remain poorly described. As regulatory T cells
(Tregs) play a role in alloimmunization in mouse models, we analyzed the Treg compartment of a
cohort of chronically transfused patients with sickle cell disease (SCD, n= 22) and p-thalassemia
major (/7= 8) with and without alloantibodies. We found reduced Treg activity in alloantibody
responders compared with nonresponders as seen in mice. Higher circulating anti-inflammatory
IL-10 levels and lower IFN-y levels were detected in non-alloimmunized SCD patients.
Stimulated sorted CD4+ cells from half of the alloimmunized patients had increased frequency of
IL-4 expression compared with nonresponders, indicating a skewed T helper (Th) 2 humoral
immune response in a subgroup of antibody responders. All patients had increased Th17
responses, suggesting an underlying inflammatory state. Although small, our study indicates an
altered immunoregulatory state in alloantibody responders which may help future identification of
potential molecular risk factors for alloimmunization.

Introduction

Red blood cell (RBC) transfusions are often indicated to prevent and treat various
complications of sickle cell disease (SCD). The majority of patients have received one or
more transfusions by adulthood. Similarly, RBC transfusions remain the main treatment for
severe thalassemia. A major complication of transfusion therapy is alloimmunization, which
may result in life-threatening delayed hemolytic transfusion reactions in addition to
difficulties in obtaining compatible blood for transfusion. Although extended phenotyping
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for regularly transfused patients has reduced alloimmunization rates in SCD patients [1,2],
the cost to benefit ratio remains controversial, partly because not all patients develop
alloantibodies [3]. Better characterization of host immunologic factors contributing to RBC
alloimmunization [4-8] may help to identify molecular markers in alloantibody responders
[9], allowing more cost-effective transfusion strategies [2]. CD4+ regulatory T cells (Tregs)
characterized by coexpression of CD25 and FoxP3, are key regulators of immune responses,
suppressing the activation and proliferation of multiple cell types including T cells, B cells,
and dendritic cells [10]. Our data from mouse models indicate that Tregs are responsible for
the magnitude and frequency of alloimmunization [6] and that responders have reduced Treg
activity compared with nonresponders [11].

To determine if Tregs are similarly altered in human alloimmunized patients as seen in mice,
we have now analyzed the Treg compartment in a cohort of regularly transfused
alloimmunized and non-alloimmunized SCD and B-thalassemia major (TM) patients. We
have also measured the T helper (Th) responses following nonantigen specific stimulation of
sorted CD4+ population as well as some of the circulatory pro- and anti-inflammatory
cytokine levels. Although small, our study indicates an altered immunoregulatory state in
alloantibody responders, which may help future identification of molecular markers of
alloimmunization.

Materials and Methods

Patient population

All the studies were approved by the institutional Review Boards of the New York Blood
Center and the Columbia University Medical Center. We studied 22 patients, homozygous
for hemoglobin S, receiving either exchange (n7= 10) or simple (n7= 12) monthly
transfusions of leukoreduced units, matched for Kell and Rh antigens for at least 2 years
before the study. Ten (seven on simple transfusions and three on exchange transfusions) had
a history of alloimmunization (responders) [12]. The antibody responders with SCD
consisted of six females and four males with 4/10 teens aged 13, 16, 17, and 19 years old
and the rest >20 years of age. A total of 3/10 of the alloimmunized SCD patients were
splenectomized. The specificities of alloantibodies in responders included anti-E, -K, -C, -
Fy?, -Fyb, -S, -VS, and -M. Detectable alloantibodies at the time of the blood collection for
the study were only present in 3/10 patients. All patients had a history of having made more
than one alloantibody, and in four cases, the patients had also made autoantibodies. The non-
alloimmunized patients with SCD consisted of eight males and four females with 4/12 in
their teens, two aged 15, one aged 16 and one 17 and the rest >20 years of age. A total of
3/12 of the non-alloimmunized SCD patients were splenectomized. None of the patients
with SCD were on hydroxyurea treatment at the time of the study. The estimated total
numbers of transfused units for all except two patients was more than 100 units. The
exception included two cases (one alloimmunized and one non-alloimmunized) who had
received about 50 units. Overall, there were roughly equal numbers of sickle patients in the
alloimmunized vs. non-alloimmunized groups who were splenectomized, on exchange vs.
simple transfusions, on iron chelation (see below) and similarly exposed to allo-sensitizing
events. We also analyzed eight regularly transfused (every 3—-4 week), alloantibody-negative
TM patients, also receiving leukoreduced blood. The transfused patients with TM consisted
of five males and three females, all >20 years old and all alloantibody-negative and
splenectomized. All patients on simple transfusions were on iron chelation using
deferasirox. Blood drawn just before simple transfusion or from the discard bag following
exchange transfusion was used for the studies. Race-matched healthy volunteers were
recruited after obtaining consent, consisting of African Americans and Hispanics used as
controls for patients with SCD and Caucasians and Asians used as controls for patients with
™.
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Foxp3 expression analysis and proliferation/Treg suppression assay

For Treg enumeration, freshly collected blood was stained with anti-CD4, -CD25 (BD
Biosciences, San Jose, CA), and anti-Foxp3 (clone PCH101 and an isotype control,
eBiosciences, San Diego, CA) and analyzed by BD FACSCanto using Diva software (BD,
Franklin Lakes, NJ). To assess Treg suppression, CD4+ cells were first enriched by positive
selection (Miltenyi Biotech, Auburn, CA) from buffy coats, followed by separation of
CD4*CD25M and CD4*CD25™ T cells (94% purity) on a MoFLo cell sorter (Beckman-
Coulter, Hialeah, FL). Sorted CD4*CD25" effector cells (5 x 104) were cultured alone or in
combination with autologous sorted CD4*CD25M Tregs in either duplicates or triplicates at
various effector to Treg cell ratios and stimulated using Treg Suppression Inspector
(Miltenyi Biotec). On Day 4 of culture, 1 n.Ci of 3H thymidine (Perkin Elmer, Shelton CT)
was added, incubated for an additional 16 hr, and the uptake of labeled thymidine was
measured by liquid scintillation (PerkinElmer, Waltham, MA). Percent proliferation was
determined as (cpm incorporated in the coculture)/cpm of CD4*CD25~ cells alone) x 100.

Cytokine analysis

Intracellular cytokine staining was done on CD4*CD25~ sorted T cells stimulated for 5 hr
with PMA (50 ng/ml) and ionomycin (1 wM) in the presence of brefeldin A (1 pg/ml, BD,
San Jose, CA) followed by fixation and permeabilization (Cytofix/Cytoperm, BD
Biosciences) and analyzed by flow cytometry. For circulatory cytokine measurements,
platelet-poor plasma was prepared [13] from samples on simple transfusions only and
analyzed for TGF-B1 (Quantikine ELISA kit, R&D Systems, Minneapolis, MN) and IL-2,
IL-6, IL-4, TNF-a, IFN-g, IL-17, and IL-10 (Cytometric Bead Array, BD Biosciences).
Plasma cytokine levels of exchange transfusion patients were not measured because of the
dilution effect of anticoagulant solutions present in collection bags containing the exchanged
units which prevented accurate analysis of cytokine levels.

Statistical analysis

Statistical analyses were performed using Student’s #test (Treg frequency, cytokine
measurements) and 2-way ANOVA for repeated measurements (Treg assay). Differences
were considered significant at £< 0.05.

Results

Treg frequency and activity in transfused patients

To determine whether Treg frequency and activity vary between alloimmunized and non-
alloimmunized patients, we compared the peripheral Treg compartment of a cohort of
regularly transfused subjects. Consistent with previous studies [14,15], the CD4+ frequency
was significantly reduced in all the transfused populations regardless of alloimmunization
status (Fig. 1A). We found no differences in Foxp3 levels (Fig. 1B,C) or Treg frequencies
(Fig. 1D,E) between the transfused patient groups and healthy controls (all 7> 0.1). We next
compared the functional activity of CD4*CD25M Tregs by purifying and measuring their
ability to suppress proliferation of autologous purified CD4*CD25™ cells. The proliferation
capacity of CD4*CD25™ T cells from alloimmunized and non-alloimmunized SCD patients
was not statistically different (30,568 + 7,682 cpm vs. 22,958 + 4,058 cpm, P=0.4) and
comparable with race-matched healthy controls (30,191 + 5,568 cpm). Similarly,
CD4*CD25™ T cells from non-alloimmunized TM patients and race-matched controls were
equally proliferative (10,830+ 1,780 cpm vs. 11,890+ 2,099 cpm). Purified CD4*CD25h
Tregs from patients and controls, when cultured alone, were equally characteristically
anergic [10] (data not shown). However, in cocultures of CD4*CD25M Tregs and
CD4*CD25™ T effector cells, proliferation rates were lower in non-alloimmunized SCD or
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TM patients compared with those of alloimmunized sickle patients (Fig. 2, 7< 0.05). These
data indicate that CD4*CD25" Tregs from non-alloimmunized SCD or TM patients can
suppress proliferation of autologous CD4*CD25~ cells more effectively than Tregs from
alloimmunized SCD patients, suggesting that Treg activity is reduced in responders
compared with nonresponders, as we have previously described in our mouse model [11].

Th immune responses in transfused cohort

Classically, Thl cells, characterized by IFN-y production, regulate cellular immunity,
whereas Th2 cells with signature IL-4 secretion regulate humoral immunity [16]. The
recently identified Th17 cells, defined by expression of IL-17, promote inflammation and
mediate extracellular bacteria clearance [17]. To determine whether the responder state
correlated with altered Th subsets, we analyzed the functional phenotype of sorted CD4+ T
cells following nonantigen specific stimulation with PMA and ionomycin. Higher proportion
of IL-4+CD4+ cells were detected in 5/10 alloimmunized SCD patients compared with non-
alloimmunized patients with SCD (Fig. 3A, £=10.04) or TM (Fig. 3A, £=0.01), indicating
a skewed Th2 response in a subgroup of the antibody responders. Interestingly, the five
alloimmunized patients with increased Th2 responses had lower proliferation rate and
therefore better Treg activity at 1:1 ratio of Tregs:T effector cells compared with the five
alloimmunized patients with lower Th2 responses (Fig. 3B). Although differences in Thl
and Th17 between alloimmunized and non-alloimmunized patients were not statistically
significant, IL-17+CD4+, but not IFN-y+CD4+, cell frequencies were higher in our
transfused SCD and TM cohorts compared with healthy race-matched controls (Fig. 3C,D).

Circulatory cytokine levels in transfused population

We next measured various pro- and anti-inflammatory plasma cytokine levels. For these
studies, we restricted our analysis to those patients who had been on simple transfusions
because the plasma from patients on exchange transfusions was diluted with the
anticoagulant solution present in the collection bags containing the exchanged units which
prevented accurate measurements of plasma cytokine levels. Elevated circulating TGF-f and
IL-6 levels were found in both alloimmunized and non-alloimmunized transfused patients,
being significantly different from controls (Fig. 4A,B) as has been previously reported
[18,19]. We found increased levels of 1L-10 in non-alloimmunized patients with SCD, when
compared with alloimmunized patients (Fig. 4C, P=0.02), whereas increased levels of IFN-
v were found in alloimmunized, when compared with non-alloimmunized group (Fig. 4D, P
= 0.03). As we did not detect higher frequency of CD4+IFN-y+ cells in alloimmunized
patients (Fig. 3D), the increased plasma IFN-y levels does not reflect pure Th function but is
likely to be due to increased secretions by CD8 and monocytes. There were no significant
differences among groups for the other cytokines examined (IL-2, IL-4, IL-17, and TNF-a.,
data not shown).

Discussion

In this small study of chronically transfused patients with SCD and thalassemia, we have
found reduced peripheral Treg function in transfused antibody responders compared with
nonresponders similar to what we previously reported in mice [11]. Furthermore, increased
frequency of IL-4 expressing CD4+ cells was detected in a subset of alloimmunized
patients, consistent with skewed Th2 humoral responses in this subgroup. At this time, it is
unclear what distinguishes the two subgroups of alloimmunized patients. The elevated Th2
response is not likely to be due to altered Treg activity as we found greater Treg activity in
this subgroup compared with the alloimmunized group with lower Th2 responses (Fig. 3B).
The study had very small numbers to determine if this could be related to either iron
overload or its treatment. Three of the five patients with increased Th2 responses received
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exchange transfusions and were not on iron chelation (deferasirox), while none of the five
patients on simple transfusions (all of whom were on the iron chelator, deferasirox) had such
increased Th2 responses. However, it should be noted that in non-alloimmunized patients,
the frequencies of I1L-4 expressing CD4+ cells in nonresponder sickle subgroup on simple (n
= 5) vs. exchange transfusions (/7= 5) were not different (0.94 + 0.18%, vs. 1.15 + 0.12%, P
= 0.3). Future studies using larger cohorts are needed to determine whether iron overload or
the use of deferasirox have an effect on altering Th2 responses in alloimmunized patients.

We found reduced levels of CD4+ T cell frequency in our cohort regardless of
alloimmunization status. The exact cause for lower CD4+ in our cohort remains unknown,
but it may be part of the sickle/thalassemia immune pathology or as a result of immune
response to repeated transfusion. Indeed, reduced frequency helper T cells have been
previously reported in patients with SCD [20-22] and with thalassemia major [23], although
blood transfusions have also been associated with reduced CD4+/CD8+ ratios [14,15].

TGF-B in the presence of inflammatory cytokines including IL-6 promotes human Th17
differentiation [24]. Statistically significant increases in 1L-17 expressing CD4+ cells as well
as circulating TGF-p and IL-6 levels were found in our transfused patients regardless of
alloimmunization status, although we did not find elevated levels of circulating IL-17 (data
not shown) which may be partially due to detection limits of our assay. TGF-p and I1L-6
have been reported to be increased not only in transfused patients [18,19] but also in
nontransfused patients with SCD [25] and splenectomized TM patients [26], indicating that
the underlying disease pathology is probably responsible for the increased levels of these
cytokines. It remains to be determined if the pro-inflammatory Th17 frequencies are also
elevated in nontransfused patients, which would be consistent with the described pro-
inflammatory states in these diseases [27,28].

The cellular subset producing IL-10, which include T and B cells and monocytes/
macrophages [29], in our patient cohort remains to be identified, although monocytes/
macrophages, known to be activated in patients with SCD [30], are possible candidates.
IL-10 is a Th2 cytokine with stimulatory effects on B cell differentiation and antibody
production but also possesses anti-inflammatory activity, inhibiting IFN-y production of T
cells and antigen presentation by macrophages [29]. As we found higher levels of circulating
IL-10 but reduced plasma levels of IFN-y in non-alloimmunized compared with
alloimunized sickle patients, we speculate that IL-10 may be playing a role in disabling
antigen presentation/T cell activation [29] in non-alloimmunized SCD patients. Future
studies are needed to directly address this hypothesis.

Despite our small patient cohort and lack of data on the untransfused patient counterparts,
our findings indicate altered immunoregulation as evidenced by reduced Treg activity or
increased Th2 responses in antibody responders. If confirmed in larger cohorts, this
information may help in identification of T cell associated molecular markers that may
predict responders in advance, thereby enabling design of preventative strategies to reduce
alloimmunization-associated morbidity and mortality.
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Phenotypic analysis of Treg compartment in chronically transfused SCD and TM patients.
(A) For Treg enumeration, CD4+ lymphocyte population in peripheral blood was analyzed
by flow cytometry and are shown for transfused SCD patients with (squares, 7= 12) or
without (triangles, 7= 10) alloantibodies, and transfused non-alloimmunized TM patients
(upside-down triangles, 7= 8). Race-matched African American and Hispanic (circles, n=
10 for SCD), and Caucasian and Asian (diamonds, 7= 10 for TM) volunteers constituted the
healthy control groups. Statistically significant differences between groups are indicated by
Pvalues. (B) Foxp3 expression levels with respect to the antibody isotype control in the
CD4*CD25M cell population as defined by the gating strategy were measured and (C) are
shown for each of the patient and control groups. Similarly, (D) frequencies of
Foxp3*CD25M of the CD4+ T-cell population were analyzed based on the Foxp3 isotype
control and (E) are shown for patient and control groups. Differences between groups were

not statistically significant (“n.s.”).
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Functional activity of circulating Tregs in chronically transfused SCD and TM patients.
Proliferation of sorted CD4*CD25~ T effector cells cocultured with autologous sorted
CD4*CD25M Tregs at 1:1, 1:2, and 1:4 (Treg: CD4*CD257) ratios following stimulation
using microbeads precoupled with anti-CD2, anti-CD3, and anti-CD28 (Treg Suppression
Inspector) is shown as percentages of CD4*CD25~ T cell proliferation when cultured alone
(see Materials and Methods section). For some samples, we were unable to obtain sufficient
numbers of sorted Tregs, and in those cases, the cocultures were performed at only one ratio
of Treg: CD4*CD25". The average percent proliferation values for alloimmunized
transfused SCD patients (n7= 12) were significantly higher, when compared with that of non-
alloimmunized (SCD patients, 7= 10 and TM patients, n= 8, both £< 0.05), indicating that
the alloimmunized Tregs are less suppressive. The relative proliferation values of race-
matched healthy controls (/7= 10 for each of the groups) are also shown.
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Figure 3.

Th1/2/17 subset frequency following stimulation of sorted CD4+ cells. (A) Sorted
CD4*CD25 T cell populations from patients and race-matched controls were stimulated
with PMA/ionomycin (5 hr) in presence of the Golgi inhibitor and the frequencies of CD4+
cells expressing intracellular 1L-4, were measured by flow cytometry according to the gating
strategy shown. In alloimmunized sickle patients, a subgroup of patients (5/10) with higher
frequency of IL-4 expressing CD4 cells was detected. (B) The Treg activity as measured by
proliferation in cocultures at 1:1 ratio of Tregs:T effectors cells relative to effector cells
alone are shown for the subgroup of alloimmunized sickle patients with either higher
frequency of IL-4 expressing CD4* cells (“alloimmunized high Th2 response”), when
compared with the rest of the alloimmunized sickle patients (“alloimmunized low Th2
response”). The subgroup with higher Th2 responses had lower proliferation frequency and
therefore better Treg activity. (C) The gating strategy and frequencies of stimulated CD4+
sorted cells expressing IL-17 and (D) IFN-vy are shown for each group. Statistical significant
differences are indicated by Pvalues (“n.s.,” not significant).
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Figure 4.

Plasma cytokine expression patterns in transfused patients with SCD and TM. The analysis
of plasma cytokine measurements in patients on exchange transfusions were excluded
because the anticoagulant solution present in the collection bags containing the exchanged
units diluted the plasma. The cytokine measurements were therefore restricted to those
patients who had been on simple transfusions only. (A) Circulating levels of TGF-B1 were
measured by ELISA using platelet poor plasma from patients on simple transfusions.
Platelet poor plasma was also prepared from some of the healthy controls analyzed. Elevated
levels were detected in the transfused patient groups, when compared with race-matched
controls as indicated by the Pvalues. Platelet poor plasma from the same samples as in A
were used to simultaneously measure levels of circulating IL-6 (B) and IL-10 (C) and (D)
IFN-y using a cytometric bead assay (CBA). IL-6 levels were significantly higher in
transfused populations relative to race-matched healthy controls. IL-10 and IFN-vy levels
were higher in alloimmunized, when compared with non-alloimmunized patients with SCD
(P=0.02, and P=0.03, respectively). We did not find significant differences among the
different groups for the other cytokines that were tested using the CBA (IL-2, IL-4, TNF-a,
and IL-17, data not shown).
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