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Introduction

Sickle cell disease (SCD) is a devastating condition which still relies on red blood
cell (RBC) transfusion. The main immunological complication of transfusion in
SCD patients is alloimmunization against RBC antigens, leading to life-threatening
post-transfusion hemolysis. Alloimmunization is more frequent in SCD patients
than in other patients and represents a major concern in transfusion medicine.1 The
high incidence of alloimmunization in this population is partly explained by the
large disparity of blood groups between European donors and recipients of African
descent. However, some SCD patients never become immunized, and can be qual-
ified as “low responders”. 

The immune mechanisms underlying red blood cell alloimmunization are poorly
understood.2 In humans, several genotypes of class II major histocompatibility
complex (MHC II) could be implicated in alloimmunization against specific anti-
gens but controversy remains regarding this.3,4 Little is known about the role of
CD4+ T cells in alloimmunization,5 except for Treg cells.6-8 Recently, we showed
that the phenotype of CD4+ T cells from SCD patients differs according to whether

Murine models of red blood cell transfusion show that inflamma-
tion associated with viruses or methylated DNA promotes red
blood cell alloimmunization. In vaccination studies, the intensity

of antigen-specific responses depends on the delay between antigen and
adjuvant administration, with a short delay limiting immune responses. In
mouse models of alloimmunization, the delay between the injection of Toll-
like receptor agonists and transfusion is usually short. In this study, we
hypothesized that the timing of Toll-like receptor 3 agonist administration
affects red blood cell alloimmunization. Poly(I:C), a Toll-like receptor 3 ago-
nist, was administered to B10BR mice at various time points before the
transfusion of HEL-expressing red blood cells. For each time point, we
measured the activation of splenic HEL-presenting dendritic cells, HEL-spe-
cific CD4+ T cells and anti-HEL antibodies in serum. The phenotype of acti-
vated immune cells depended on the delay between transfusion and Toll-
like receptor-dependent inflammation. The production of anti-HEL antibod-
ies was highest when transfusion occurred 7 days after agonist injection.
The proportion of HEL-presenting CD8α+ dendritic cells producing inter-
leukin-12 was highest in mice injected with poly(I:C) 3 days before transfu-
sion. Although the number of early-induced HEL-specific CD4+ T cells was
similar between groups, a high proportion of these cells expressed CD134,
CD40 and CD44 in mice injected with poly(I:C) 7 days before transfusion.
This study clearly shows that the delay between transfusion and Toll-like
receptor-induced inflammation influences the immune response to trans-
fused red blood cells. 
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the patients have been alloimmunized or not.9

Most knowledge about the mechanisms of alloimmu-
nization has been provided by mouse models. However, it
has been shown that SCD does not increase the rate of
alloimmunization in mice.10 Despite important differences
in the immune system between mice and humans, mouse
models enable the investigation of different parameters
separately, and provide hypotheses that can be tested in
humans. Murine models of post-transfusion alloimmu-
nization have been developed, such as those expressing
transgenic human antigens, e.g. glycophorin A, or non-
human antigens, e.g. hen egg lysozyme (HEL), at the ery-
throcyte membrane.11

In mouse models, Toll-like receptor (TLR) stimulation
promotes alloimmunization. Prior to transfusion, the
injection of CpG, a TLR9 agonist, facilitates the produc-
tion of alloantibodies.12 Moreover, the injection of
poly(I:C), a TLR3 agonist, also promotes alloimmuniza-
tion in mice that are transfused.13,14 TLR3 and TLR9 are
implicated in immunity to dsRNA viruses and bacterial
infections, respectively.15 Poly(I:C) stimulates splenic
CD11c+ dendritic cells (DC) to consume transfused RBC,
and modifies the expression of co-stimulatory molecules
on these DC.16 However, no study has yet tried to identify
the RBC antigen-presenting DC and to characterize their
phenotype. In the absence of TLR agonists, splenic
macrophages consume RBC, preventing the production of
alloantibodies.14 Indeed, transfusion in the absence of
inflammation can lead to tolerance to RBC antigens.17

However, in murine models of vaccination, the adminis-
tration of TLR agonist enables the maturation of DC, lead-
ing to the establishment of immune responses rather than
tolerance.18 Two main subsets of CD11c+ DC, CD8α+ and
CD8α- DC, have been described in the spleen19 and are
distinct in terms of function: the CD8α+ population pro-
duces interleukin (IL)12.20 IL12 directly affects CD4+ T-cell
responses because it induces Th1 polarization, leading to
the production of IL2 and interferon (IFN)γ.19,20

Poly(I:C) injection directly modulates the function of
CD4+ T cells and stimulates cytokine production and lym-
phoproliferation.21,22 In a mouse model of transfusion,
poly(I:C) was confirmed to promote the lymphoprolifera-
tion of HEL-specific CD4+ T cells following transfusion.14

Using this TLR3 agonist, Longhi et al.22 found that the anti-
gen-specific immune response was weak if inflammation
occurred during antigen capture and presentation. Indeed,
Th1-type immune responses were weak when poly(I:C)
injection preceded antigen administration by a period of 6
h.22 It is, therefore, likely that the delay between antigen
and adjuvant administration affects antigen-specific
responses. In currently used mouse models of alloimmu-
nization, poly(I:C) is typically injected 4 h before transfu-
sion.13,14,16,17,23

In human transfusions, the role of viral and bacterial
infections in the induction of alloimmunization has not
been documented. However, in SCD patients, a recent
study showed that an inflammatory state at the time of
transfusion, independently of direct TLR stimulation, can
influence RBC alloimmunization.24 The underlying inflam-
matory state of the patient and TLR signaling may, there-
fore, be central to the process of RBC alloimmunization.

Here, we hypothesized that RBC alloimmunization is
influenced by the delay between transfusion and the
administration of a TLR3 agonist. To test this, B10BR mice
were transfused at various time points after the adminis-

tration of poly(I:C) with HEL-expressing RBC obtained
from HOD mice. For each delay, the production of anti-
HEL antibodies was measured in the recipient mice and
the function of splenic HEL-presenting DC and HEL-spe-
cific CD4+ T cells was analyzed. We report here that the
time between transfusion and TLR3 stimulation influ-
ences the immune response to transfused RBC.

Methods

Mice 
B10BR mice were purchased from Jackson Laboratories (Bar

Harbor, ME, USA) and have class II MHC IAk. HOD mice (trans-
genic RBC-specific expression of HEL, ovalbumin, and Duffy b
anchoring HEL to the RBC membrane) are issued from the FVB
background and have class II MHC IAb. Mice were housed and
bred at the Institut Mondor de Recherche Biomédicale (IMRB) conven-
tional animal facility, in pathogen-free conditions. Transfusion-
recipient mice were used at 7 to 9 weeks of age, in homogeneous
mixed-sex groups. All procedures were approved by the local
ethics committee.

Transfusion and treatment of mice
Mice received a 100 mL intraperitoneal injection of phosphate-

buffered saline or a TLR3 agonist, poly(I:C) (100 mg, Amersham
Piscataway, NJ, USA), at various time points (4 h, 3 days, 7 days or
14 days before transfusion). The mice then received a 100 mL
transfusion of fresh HOD RBC concentrate into the lateral tail
vein. All mice were sacrificed 2 days or 28 days after transfusion,
and the spleen was harvested. Blood was collected from the retro-
orbital vein before death. Serum was isolated by centrifugation
and frozen at -20°C.

Flow cross-matching and enzme-linked immunosorbent
assay for the detection of anti-HEL responses

The presence of anti-HEL antibodies was evaluated by flow
cross-matching. Serum from B10BR mice, harvested 28 days after
transfusion, was diluted 1:10 and incubated with RBC expressing
HEL (HOD) antigen or control RBC (B10BR). Anti-HEL antibodies
were detected by flow cytometry, with allophycocyanin (APC)-
labeled antibodies against total Ig (BD Biosciences, Franklin Lakes,
NJ, USA). Serum from HEL immunized mice with aluminum salts
incubated with HEL-expressing RBC (HEL+ RBC) was used as a
positive control. Adjusted mean fluorescence intensity (MFI) was
calculated as follows: adjusted MFI = (MFI of the serum incubated
with HEL+ RBC) – (MFI after incubation with HEL- RBC). Enzyme-
linked immunosorbent assay (ELISA) was performed in a HEL-
coated plate, to determine the total amount of IgG antibody
against HEL in the serum. The alkaline-phosphatase-conjugated
secondary antibody used for detection was purchased from
Jackson ImmunoResearch (West Grove, PA, USA). Antibody bind-
ing was detected by reaction with the pNPP substrate (Sigma-
Aldrich, St-Louis, MO, USA). Anti-HEL antibody (Raybiotech,
GA, USA), with known amounts of the IgG isotype, was used as
a standard.

Dendritic cell immunostaining and intracellular
cytokine staining

After DC enrichment, at least 2x104 cells were cultured
overnight in complete medium supplemented with brefeldin A
(0.5 mg/well) to determine the production of cytokines. Before
staining, the Fc receptors were blocked with CD16/CD32 antibod-
ies (0.5 mg, eBioscience, San Diego, CA, USA). Cultured DC were
incubated (15 min, 4°C) with antibodies against the following
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membrane proteins, to determine their phenotype: CD8α-PE-
CF594 (BD Biosciences), CD40-PE-Cy7, CD252-AF647
(Biolegend, San Diego, CA, USA), CD11c-APC-eF780, and CD70-
PerCP-eF710 (eBioscience). DC were fixed and permeabilized
with a commercial kit (eBioscience) for intramembranous staining
with CD283-PE (Biolegend, San Diego, CA, USA), IL12-FITC and
IFNγ-AF700 (BD Biosciences). The HEL protein contains an
immunodominant peptide, NR16 (HEL46-61: NTDGSTDYGILQIN-
SR). NR16-presenting DC were studied using an AW3.18 anti-
body. This antibody recognizes the MHC II I-Ak-NR16 complex.25

The AW3.18 antibody was detected with a biotinylated anti-IgG1
antibody (Jackson ImmunoResearch) and streptavidin-BV421
(Biolegend). The proportions of CD8α+ and CD8α- DC among
total CD11c+ cells were calculated as follows: (number of CD8α
cells / total number of CD11c+ cells) x 100.

Ex vivo staining of NR16-specific CD4+ T cells
by MHC II tetramers

Splenocytes were incubated with APC-labeled class II MHC I-
Ak tetramers (4 mg/mL, 90 min, 4°C) in phosphate-buffered saline

– bovine serum albumin (1%, Sigma-Aldrich) supplemented with
azide (0.02% Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Antibodies against membrane proteins, CD134-BV421
(Biolegend), CD40-PE-Cy5, CD3-APC-eF780 (eBioscience), CD4-
PE-CF594 and CD44-PerCP-Cy5.5 (BD Biosciences), were added
in the last 30 min of tetramer staining. A negative control was
obtained by staining with a tetramer loaded with class II-associat-
ed invariant chain peptide (CLIP).

Results

Anti-HEL antibody production and the timing of
poly(I:C) delivery

To determine how the interval between poly(I:C) deliv-
ery and transfusion influences the induction of alloimmu-
nization, we injected B10BR mice with poly(I:C) at 4 h, 3
days, 7 days or 14 days before transfusion. 

As in previous studies relating to the induction of anti-
RBC antibodies as efficiently as possible in mouse

A
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Figure 1. Anti-HEL response 28 days after transfusion in mice injected with poly(I:C) at various times before RBC transfusion. At 4 h, 3 days, 7 days or 14 days after
poly(I:C) or phosphate-buffered saline (control represented at 4 h) intraperitoneal injection, mice were transfused with HEL RBC and sera were obtained 28 days later.
(A) Histograms of representative experiments showing the detection of anti-HEL antibodies by flow cross-matching with sera incubated with HEL+ RBC (red line) or
HEL– RBC (black line). Serum from HEL-immunized mice was used as a positive control. Serum from HEL-naïve B10BR mice was used as a negative control. Sera were
tested for the presence of anti-HEL antibodies by (B) flow cross-matching or by (C) ELISA. Comparisons were performed using the Kruskal-Wallis test and Dunn post
test. *P<0.05; **P<0.01; ***P<0.005. Representative data from two independent experiments in six mice each are shown (mean ± SD).



models,12,13 we evaluated the production of anti-HEL anti-
bodies by flow cross-matching and ELISA, 28 days after
the transfusion of blood from donor HOD mice (Figure 1).
The adjusted MFI was calculated as described above, to
eliminate the background noise of each sample. The HEL
antibody response was significantly higher in mice inject-
ed with poly(I:C) 7 days before transfusion than in those
injected 4 h before transfusion (42.5±16.4 versus 15.2±5.3,
respectively; P<0.05) (Figure 1B). The anti-HEL IgG
response was assessed by ELISA (Figure 1C). The titer of
these antibodies was also significantly higher in mice
receiving the injection 7 days before transfusion than in
those receiving the injection 4 h before transfusion
(0.99±1.01 mg/mL versus 0.15±0.10 mg/mL, respectively;
P<0.05).

Effect of poly(I:C) injection before transfusion 
on the proportion of NR16-presenting dendritic cells 

We evaluated the effect of the timing of poly(I:C) injec-
tion (4 h, 3 days, 7 days or 14 days before transfusion) on
CD8α+ and CD8α- splenic CD11c+ DC 48 h after transfu-
sion. These two subsets are the main subpopulations of
DC in the spleen. We determined the proportion of NR16-

presenting DC in the CD11c+ and CD8α-/+ subsets, using
the AW3.18 antibody (Figure 2A). NR16-presenting DC
represented 33.9±13.5% of cells in the CD11c+ DC popu-
lation in mice injected with poly(I:C) 7 days before trans-
fusion, but only 14.6±9.1% in mice injected with poly(I:C)
4 h before transfusion (P<0.05, Figure 2B). Regarding the
different subpopulations, the proportion of NR16-present-
ing cells in the CD8α- subpopulation was highest in mice
injected with poly(I:C) 7 days before transfusion
(31.1±6.0%, P<0.05). By contrast, the proportion of NR16-
presenting cells in the CD8α+ subpopulation was highest
in mice injected only 4 h before (34.6±16.7%). The pro-
portion of CD8α+ NR16-presenting cells decreased as the
delay between poly(I:C) injection and transfusion
increased, and reached its lowest value of 4.0±1.8% in
mice injected with poly(I:C) 14 days before transfusion
(Figure 2C).

The functions of NR16-presenting dendritic cells are
influenced by the timing of poly(I:C) delivery

IL12 expression by the total CD8α+/- DC subset was not
affected by the timing of poly(I:C) delivery (data not
shown). However, to examine the function of NR16-pre-
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Figure 2. Proportion of splenic NR16-
presenting cells in the CD11c+ DC and
CD8α+/- subpopulations, after transfu-
sion following poly(I:C) injection. At 4 h, 3
days, 7 days or 14 days after poly(I:C)
intraperitoneal injection, mice were
transfused with HEL RBC and spleens
were harvested 48 h later. (A) The
AW3.18 antibody was used to detect
NR16-presenting CD11c+ DC in the
CD8α- (top) and CD8α+ (bottom) subpop-
ulations. NR16 is the immunodominant
peptide of HEL. Gating is shown for mice
injected with poly(I:C) 4 h before transfu-
sion. AW3.18- cells isolated from mice
that received intravenous PBS instead of
transfusion were used as a negative con-
trol. (B) The proportions of NR16-present-
ing cells in the CD11c+ DC population are
given. (C) The proportions of NR16-pre-
senting cells in the CD8α- CD11c+ (left)
and CD8α+ CD11c+ (right) DC populations
are given. Comparisons were performed
using the Kruskal Wallis test and Dunn
post test. P<0.05; **P<0.01;
***P<0.005. Representative data from
two independent experiments in five
mice each are shown (mean ± SD).
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senting DC, we also measured IL12 production in both the
CD8α+ and CD8α- subsets, by intracellular staining (Figure
3A). The proportion of NR16-presenting CD8α+ CD11c+

DC producing IL12 was significantly higher in mice that
received poly(I:C) 3 days before transfusion than in those
injected only 4 h before transfusion (8.3±5.5% versus
21.8±5.2%, respectively; P<0.05). As expected, the CD8α-

subpopulation produced low amounts of IL12; however,
its production was not influenced by the timing of
poly(I:C) delivery (Figure 3B). 

We also investigated IFNγ production by the two sub-
populations: IFNγ expression in the NR16-presenting
CD8α- subpopulation was significantly weaker in mice
injected with poly(I:C) 3 days or 7 days before transfusion
than in those that received poly(I:C) 4 h before transfusion
(data not shown, P<0.05 and P<0.01, respectively). IFNγ pro-
duction by the CD8α+ subpopulation was not affected by
the timing of poly(I:C) injection (data not shown).

The timing of poly(I:C) delivery affects the phenotype
of NR16-presenting dendritic cells

We also evaluated the effect of the timing of poly(I:C)
injection on the two NR16-presenting DC subpopulations
48 h after transfusion, by measuring the expression of the
co-stimulatory molecules CD252, CD70 and CD40.

In both the CD8α- and CD8α+ subpopulations, CD252
expression decreased as the delay between poly(I:C) injec-
tion and transfusion increased (Figure 4A). CD252 expres-
sion on NR16-presenting CD8α- DC was highest in mice
injected with poly(I:C) 4 h before transfusion and lowest
in those injected 14 days before transfusion (45.0±5.6% to
2.6±1.0%, respectively; P<0.005). We observed a similar
pattern for CD8α+ DC (77.1±8.2% in mice injected 4 h

and 9.7±2.7% in those injected 14 days before transfusion;
P<0.005).

In both the CD8α- and CD8α+ subpopulations, the tim-
ing of poly(I:C) delivery had little effect on CD70 expres-
sion (Figure 4B). The proportion of CD8α- NR16-present-
ing DC expressing CD70 was slightly higher in mice
injected with poly(I:C) 7 days than in those injected 4 h
before transfusion (75.3±24.3% versus 63.1±9.6%, respec-
tively; P<0.05). The proportion of CD8α+ NR16-present-
ing cells expressing CD70 was significantly lower in mice
that received poly(I:C) 3 or 7 days than in those that
received it 4 h before transfusion (P<0.01 and P<0.005,
respectively) (Figure 4B).

CD40 expression followed the same pattern as CD70
expression. The proportion of cells in the CD8α- DC sub-
population expressing CD40 was slightly higher in mice
injected with poly(I:C) 14 days before transfusion than in
those injected 4 h prior to the transfusion (72.7±5.3% ver-
sus 60.8±11.4%; P<0.05). In the CD8α+ subset, the propor-
tion of cells expressing CD40 was significantly lower in
mice injected 7 days than in those injected 4 hours before
transfusion (56.6±2.2% versus 81.0±10.3%; P<0.005)
(Figure 4C). Furthermore, as expected, poly(I:C) played
the same activating role in the total DC population and in
NR16-presenting DC (a representative example for the 7-
day group is presented in Online Supplementary Figure S1).
Indeed, the levels of CD252, CD70 and CD40 expression
were equivalent on total DC at all four time points stud-
ied, and changes in these levels followed the same pattern
as those observed in NR16-presenting DC (data not shown).

We also measured the effect of poly(I:C) delivery time
on the intracellular expression of TLR3 in the CD11c+ DC
subpopulations (Figure 5A). In the total CD8α+ subpopula-

Figure 3. Effect of the timing of poly(I:C) delivery on IL12 production by splenic NR16-
presenting DC. At 4 h, 3 days, 7 days or 14 days after poly(I:C) intraperitoneal injection,
mice were transfused with HEL RBC and spleens were harvested 48 h later. (A) The
example shows IL12 production by CD8α– (black line) and CD8α+ (red line) NR16-pre-
senting (AW3.18+) cells in mice injected with poly(I:C) 3 days before transfusion. (B) IL12
production was measured in both the NR16-presenting CD8α– (left) and CD8α+ (right)
DC subpopulations identified with the AW3.18 antibody. Comparisons were performed
using the Kruskal Wallis test and Dunn post test. *P<0.05; **P<0.01; ***P<0.005.
Representative data from two independent experiments in five mice each are shown
(mean ± SD).
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tion, TLR3 expression was higher in mice injected with
poly(I:C) 3 or 7 days before transfusion than in those
injected 4 h before (P<0.01) (Figure 5B). TLR3 expression
in the NR16-presenting CD8α+ subpopulation was also
higher in mice that received poly(I:C) 3 or 7 days before
transfusion than in those that received it only 4 h before
(P<0.01 and P<0.05, respectively) (Figure 5B). 

As expected, the CD8α- subpopulation expressed low
amounts of TLR3 and its expression was not influenced by
the timing of poly(I:C) delivery (Online Supplementary
Figure S2). In the NR16-presenting CD8α- subpopulation,
TLR3 expression was weakest in the mice that received
poly(I:C) 14 days before transfusion (Online Supplementary
Figure S2).

The timing of poly(I:C) injection influences 
the abundance and phenotype of early 
NR16-specific CD4+ T cells 

We harvested the spleen 48 h after transfusion to inves-
tigate CD4+ T-cell induction at an early stage of TCR

engagement. We used MHC class II tetramers (Tet) to
study how the timing of poly(I:C) injection influences
NR16-specific CD4+ T effector cells ex vivo (Figure 6A).
NR16-Tet+ cells were present in all four sets of conditions,
but there were no important differences between groups.
Indeed, the percentage of NR16-Tet+ cells was similar in
mice injected with poly(I:C) 7 or 14 days before transfu-
sion and those injected 4 h before, and it was only slightly
lower in those injected 3 days before (P<0.05 versus injec-
tion at 4 h) (Figure 6B).

We, therefore, analyzed the phenotype of NR16-Tet+

cells by evaluating expression of the activation molecules
CD134, CD40 and CD44. The expression of CD134,
CD40 and CD44 was lower on total T CD4+ cells than on
NR16-Tet+ cells (Figure 6C). The proportion of total cells
expressing CD134, CD40 or CD44 was smaller than that
of NR16-Tet+ cells for each of the injection time points
studied (Online Supplementary Figure S3).

The proportion of NR16-Tet+ cells expressing CD134
was highest in mice injected 7 days before transfusion and
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Figure 4. The timing of poly(I:C) delivery
influences the phenotype of NR16-pre-
senting DC. At 4 h, 3 days, 7 days or 14
days after poly(I:C) intraperitoneal injec-
tion, mice were transfused with HEL RBC
and spleens were harvested 48 h later.
The expression of (A) CD252, (B) CD70
and (C) CD40 was measured on NR16-
presenting CD11c+ CD8α– (left column)
and CD8α+ (right column) DC.
Comparisons were performed using the
Kruskal Wallis test and Dunn post test.
*P<0.05; **P<0.01; ***P<0.005.
Representative data from two independ-
ent experiments in five mice each are
shown (mean ± SD).
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lowest in those injected 4 h before (26.8±6.2% versus
4.4±1.6%, respectively; P<0.01) (Figure 6D). The propor-
tion of NR16-Tet+ cells expressing CD40 also tended to be
correlated with the timing of poly(I:C) injection, and was
significantly higher in mice injected 14 days before trans-
fusion than in those injected 4 h before (8.5±6.7% versus
0.7±1.1%, respectively; P<0.01) (Figure 6D). CD44 was
expressed on NR16-Tet+ cells, but the proportion of cells
expressing this molecule was not significantly influenced
by the timing of poly(I:C) injection (Figure 6D). 

Discussion

The HEL antibody response was significantly higher in
mice injected with poly(I:C) 7 days before transfusion
than in those injected 4 h before transfusion. To under-
stand why antibody production depends on the delay
between transfusion and poly(I:C) injection, we first
explored DC subpopulations and their activation pheno-
types. Poly(I:C) is widely used to promote the maturation
of both mouse and human DC.22,26,27 In mouse studies,
poly(I:C) induces complete activation of DC after 12 to 24
h.22,28 In humans, poly(I:C) induces a mature surface phe-
notype, which can still be detected at 72 h.29 TLR3 signal-
ing stimulates the expression of co-stimulatory molecules
on antigen-presenting cells, potentially enhancing CD4+ T-
cell responses.26 We, therefore, also investigated antigen-
specific CD4+ T-cell responses. 

In murine models of transfusion, poly(I:C) promotes the
consumption of RBC by CD11c+ DC in the spleen.16

However, no studies have examined whether these DC
present RBC antigens. We, therefore, explored whether
the phenotypic modifications of CD11c+ DC observed by
Hendrickson et al.16 were also detectable in HEL-presenting
CD11c+ DC. Specifically, we examined whether the delay
between poly(I:C) injection and transfusion affected the
phenotype and function of HEL-presenting DC. In vacci-
nation studies, immune responses are weak if the antigen
is administered within 6 h of agonist injection.22 We stud-
ied CD11c+ DC subpopulations in the spleen, which can
be differentiated by their CD8α expression.20 We found
that the timing of agonist injection influenced the ratio of
CD8α+ to CD8α- NR16-presenting CD11c+ DC. Poly(I:C)
and the CD8α+ DC subset play an important role in the
induction of Th1 polarization.19,22 Our observation was,
therefore, surprising because we expected to find a high
proportion of NR16-presenting CD8α+ CD11c+ DC in
mice that received poly(I:C) 7 days before transfusion,
rather than CD8α- CD11c+ DC. Given that the CD8α- sub-
set outnumbers the CD8α+ subset in these conditions, it is
possible that the CD8α- subset is more efficient at antigen
uptake and presentation. Alternatively, either only the
CD8α+ subset is primordial, independently of its propor-
tion, or both subsets are implicated in RBC alloimmuniza-
tion. These two subsets of DC can be differentiated by
their expression of TLR3, with the CD8α+ subset express-
ing high levels of TLR3.19 TLR3 expression in the NR16-
presenting CD8α+ subset was positively correlated with
the delay between transfusion and poly(I:C) injection, sug-
gesting a higher sensitivity of the CD8α- subset to TLR3
agonists. 

However, these two DC subsets are also distinct in
terms of function, which may be important for alloimmu-
nization. Indeed, upon activation, the CD8α+ subpopula-

tion produces high levels of IL12, whereas the CD8α- sub-
population does not.20 We found that the proportion of
NR16-presenting CD8α+ DC expressing IL12 was signifi-
cantly higher in mice injected with poly(I:C) 3 days before
transfusion than in those injected 4 h before. This result is
consistent with studies showing that poly(I:C) stimulates
CD8α+ DC to produce IL12,19,27 which may contribute sub-
stantially to RBC alloimmunization. Indeed, activated DC
produce IL12, which induces the differentiation of naïve
CD4+ T cells into T follicular helper (Tfh) cells.30 Tfh cells
are specialized T helper cells that regulate antibody pro-
duction and the development of memory B cells.31 The
production of anti-HEL antibodies in mice receiving blood

Figure 5. The effect of the timing of poly(I:C) delivery on TLR3 expression by
splenic CD11c+ CD8α+ DC after transfusion. At 4 h, 3 days, 7 days or 14 days
after poly(I:C) intraperitoneal injection, mice were transfused with HEL RBC and
spleens were harvested 48 h later. (A) TLR3 expression on the CD8α– (black
line) and CD8α+ (red line) CD11c+ subpopulations in mice injected with poly(I:C)
4 h before transfusion is shown. The expression of TLR3 was measured in (B)
total and (C) NR16-presenting CD11c+ CD8α+ DC. Comparisons were performed
using the Kruskal Wallis test and Dunn post test. *P<0.05; **P<0.01.
Representative data from two independent experiments in five mice each are
shown (mean ± SD).

A

B



transfusions may reflect changes in the phenotype of NR-
16-presenting CD8α+ DC. However, we cannot exclude a
role for CD8α- DC in alloimmunization, because this sub-
set produces IL10, which is important for B-cell differenti-
ation and immunoglobulin switching.32 In this study, due
to differences in phenotype observed between the differ-
ent time periods studied, we can conclude that DC are
involved in the induction of alloimmunization, but that
these cells may not affect the magnitude of this phenom-
enon.

Poly(I:C) tightly regulates the expression of co-stimula-
tory molecules at the surface of DC.22 In transfused mice,

poly(I:C) induces the expression of CD70, CD252 and
CD40 molecules on DC.16 The expression of CD252 on
DC promotes CD4+ T-cell expansion about 48 h after anti-
gen stimulation.33 However, in this study, the level of
CD252 expression was low in both subpopulations 48 h
after transfusion in mice that received poly(I:C) 3 or more
days before transfusion. Given that this model differs
from classical models used to study antigen stimulation, it
is likely that the exosomes issued from RBC or platelets
also modulate immune responses to RBC antigens.34-36

However, other tumor necrosis factor receptors, notably
CD70 and CD40, are required for complete CD4+ T-cell
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Figure 6. The effect of the timing of poly(I:C) injection on NR16-specific CD4+ T cells. Mice were transfused with HEL RBC 4 h, 3 days, 7 days or 14 days after poly(I:C)
intraperitoneal injection and spleens were harvested 48 h later. (A) The abundance of NR16-specific CD4+ T cells was measured ex vivo by class II MHC tetramers of the
immunodominant NR16-peptide from HEL. Plots corresponding to mice injected with poly(I:C) 4 h before transfusion are shown. Tetramers of class II-associated invariant
chain peptide (CLIP) were used as a specificity control for NR16 tetramers. (B) NR16-specific CD4+ T cells (NR16+ tetramers) were detected using tetramers of class II
MHC and are reported as a percentage of total CD4+ T cells. (C) The expression of CD134, CD40 and CD44 was measured ex vivo on NR16-specific CD4+ T (red dot plot)
and total CD4+ T cells (black contour plot). Plots for mice injected with poly(I:C) 7 days before transfusion are shown. (D) The phenotype of NR16-specific CD4+ T cells
(NR16) in mice injected with poly(I:C) at various time points before transfusion. Comparisons were performed using the Kruskal Wallis test and Dunn post test. *P<0.05;
**P<0.01. Representative data from two independent experiments of five mice each are shown (mean ± SD).
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activation.37 Indeed, the injection of immunogenic protein
and TLR3/9 agonists combined with an anti-CD40 anti-
body upregulates CD70 expression at the DC mem-
brane.37 This combination enables the binding of the
CD70 ligand, CD27, which induces the differentiation of
naïve-CD4+ T cells and memory T lymphocytes.38-40

Although we observed minor variations between groups
regarding the expression of CD70 and CD40 on both sub-
sets of NR16-presenting DC, the proportion of cells
expressing these molecules remained high in all condi-
tions. 

The expression of these co-stimulatory molecules on
DC is associated with antigen-specific CD4+ T-cell
responses.26 Furthermore, poly(I:C) directly affects the
lymphoproliferation of RBC-specific CD4+ T cells in a
mouse model of transfusion.14 For these reasons, we used
class II MHC tetramers to investigate antigen-specific
CD4+ T-cell responses 48 h after transfusion. The timing of
poly(I:C) delivery did not appear to affect the proportion
of NR16-specific CD4+ T cells. However, the CD4+ T-cell
population was analyzed 48 h after transfusion, which
may explain the small variation observed for CD4+ T-cell
numbers.

Nevertheless, both the activation and differentiation of
NR16-specific CD4+ T cells were affected by the timing of
agonist injection. Co-stimulatory molecules expressed by
DC and CD4+ T cells are important for the activation and
differentiation of immune system cells.33,41 Among these
co-stimulatory molecules, CD134 (OX40) is expressed
soon after the stimulation of the TCR on CD4+ T cells and
binds to its ligand, CD252 (OX40L), on the DC membrane.
We found that the proportion of NR16-specific CD4+ T
cells expressing CD134 was highest in mice injected with
poly(I:C) 7 days before transfusion. CD40 expression was
also positively associated with the duration of the delay
between TLR-agonist injection and transfusion. Both
CD134 and CD40 play a role in CD4+ T-cell responses and
autoimmunity.33,42-44 This finding is consistent with the high
frequency of autoantibodies against RBC antigens in
alloimmunized SCD patients.45,46 Moreover, autoimmunity
has also been described in SCD patients.47-49

The strong expression of these two molecules may affect
alloimmunization, especially when poly(I:C) is injected 7
days before transfusion. Specifically, the injection of TLR3
agonists combined with CD40 stimulation facilitates the
secretion of pro-inflammatory cytokines by CD4+ T cells
by promoting the expression of CD134.40,50 Cross-linking

between CD134 on CD4+ T cells and CD252 on activated
B cells results in B-cell proliferation and the secretion of all
Ig isotypes.51 This high level of expression of CD134 at 7
days and its involvement in B-cell antibody secretion sug-
gest a direct link between the CD4+ T-cell response and the
level of antibody production, which were concordant for
the same time interval between agonist injection and trans-
fusion. Finally, the relationship between CD4+ T cells and
B cells might be stronger than that between CD4+ T cells
and DC in RBC alloimmunization.

In conclusion, our study confirms that the degree of
alloimmunization depends on the delay between TLR3-
induced inflammation and exposure to RBC antigens,
with the largest effect observed at 7 days, for CD4+ T cells.
TLR3 and TLR9 have been shown to affect alloimmuniza-
tion in mouse models.12,14 However, it remains unknown
whether exposure to RNA viruses or bacterial infections in
the week before a transfusion increases the risk of alloim-
munization in humans. We need to evaluate this risk in
SCD patients, who experience inflammation and infection
more frequently than the general population of individuals
undergoing transfusion. 

The role of vaccination should also be taken into
account. Indeed, in addition to the conventional adjuvants
used in vaccination (aluminum salts, oil-emulsion or lipo-
somes), which encourage antigen presentation and the
activation of antigen-presenting cells,52 TLR agonists have
also been proposed as new adjuvants for vaccines in clini-
cal trials.52,53 It is likely that these new vaccines need to be
used with caution in polytransfused SCD patients to limit
RBC alloimmunization. 
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