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Abstract

Although RBC transfusion can result in the development of anti-RBC alloantibodies that increase
the probability of life-threatening hemolytic transfusion reactions, not all patients generate anti-
RBC alloantibodies. However, the factors that regulate immune responsiveness to RBC transfusion
remain incompletely understood. One variable that may influence alloantibody formation is RBC
alloantigen density. RBC alloantigens exist at different densities on the RBC surface and likewise
exhibit distinct propensities to induce RBC alloantibody formation. However, although distinct
alloantigens reside on the RBC surface at different levels, most alloantigens also represent
completely different structures, making it difficult to separate the potential impact of differences in
Ag density from other alloantigen features that may also influence RBC alloimmunization. To
address this, we generated RBCs that stably express the same Ag at different levels. Although
exposure to RBCs with higher Ag levels induces a robust Ab response, RBCs bearing low Ag
levels fail to induce RBC alloantibodies. However, exposure to low Ag—density RBCs is not
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without consequence, because recipients subsequently develop Ag-specific tolerance. Low Ag—
density RBC-induced tolerance protects higher Ag—density RBCs from immune-mediated
clearance, is Ag specific, and occurs through the induction of B cell unresponsiveness. These
results demonstrate that Ag density can potently impact immune outcomes following RBC
transfusion and suggest that RBCs with altered Ag levels may provide a unique tool to induce Ag-
specific tolerance.
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Red blood cell transfusion represents the most common medical intervention in modern
medicine (1, 2). Although transfusion can provide a therapeutic benefit to most patients,
repeat exposure to RBCs can result in the formation of alloantibodies directed against donor
RBC alloantigens not expressed by transfused recipients (3, 4). Formation of RBC
alloantibodies can make it difficult to find compatible blood for future transfusions and
directly increases the risk for hemolytic transfusion reactions, one of the most common
causes of transfusion-related mortality (5-8). However, not all patients develop RBC
alloantibodies following transfusion (9, 10). Although a variety of factors likely influence
the development of an immune response following RBC transfusion, previous studies
suggest that RBC alloantigen density may impact immune responsiveness following RBC
exposure (11, 12). However, because many distinct alloantigens reside on the RBC surface
(13), studies capable of separating the potential impact of the distinct structural features of
individual alloantigens from the possible influence of differences in alloantigen density on
immune outcomes have been difficult to conduct.

Unlike models of transplantation, RBCs isolated from different strains of mice do not
inherently express distinct alloantigens capable of inducing RBC alloantibodies observed
clinically following transfusion (14, 15). As a result, although RBC transfusion—induced
alloantibody formation predates transplantation and has been recognized for nearly 80y,
models to study this process have historically not been available. To address this limitation,
we developed founders that express human Kell (KEL) Ag, one of the most common RBC
alloantigens implicated in hemolytic transfusion reactions following RBC transfusion (4, 16,
17). By using a p-globin promoter to specifically drive KEL expression on the surface of
RBCs (18), we isolated two founders that stably express different levels of the KEL
alloantigen. Because previous studies suggest that RBC alloantigen density might influence
RBC alloantibody formation following transfusion (11, 12), we examined the
immunological consequence of transfusion of RBCs expressing distinct levels of an RBC
alloantigen.

Materials and Methods

Mice

C57BL/6 (H-2P) recipients were purchased from the National Cancer Institute (Frederick,
MD) or Charles River (Wilmington, MA). B cell-deficient uMT (C57BL/6- lghm"™1C91y)
mice were purchased from the Jackson Laboratory (Bar Harbor, ME) and maintained as
described previously (19). 1L-10-GFP/Vert-x [C57BL/6(Cq)- /L 10"™1-1Kav/j] and Foxp3-
RFP (C57BL/6-Foxp3'™FIV/)) recipients were generous gifts from Dr. J. Galipeau and Dr.
E. Waller, respectively (20). All recipients were 6-12 wk old. C57BL/6 KEL-transgenic
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mice that express different densities of the human KEL glycoprotein under an RBC-specific
promoter were developed as outlined below. Hen egg lysozyme (HEL), OVA fused to Duffy
(HOD) (H-2%) donors expressing a fusion protein HEL, OVA, and human Duffy b under an
RBC-specific promoter were developed previously (21). KEL and HOD mice were crossed
to generate KEL x HOD F1 progeny expressing both transgenes. Donor mice were 8-12 wk
of age. Mice were bred and housed in Emory University Department of Animal Resources
facilities. All procedures were performed according to approved Institutional Care and Use
Committee protocols.

Generation of KEL'®© mice

The KEL-transgenic mouse was developed by PCR amplification of the open reading frame
of KEL from a human bone marrow cDNA library (Clontech, Mountain View, CA), as
described previously (17, 22). Briefly, primers for amplification were designed to insert a
BamHI site on the 5" end and to engineer a Kozak consensus sequence upstream of the start
codon (5"-GGGGGATCCTAAGCCACCATGGAAGGTGGGGACCAAAGTG-3" and 5'-
TTGGAACAGAAGCAGAAAGGAA-3"), and the open reading frame was then ligated into
a vector containing p’LCR B, followed by isolation of successful recombinants. The purified
construct was subsequently submitted to the Emory Core Transgenic Facility for pronuclear
injection. Using PCR and flow cytometry, two founder pups were isolated, each expressing
different densities of the KEL glycoprotein, hereafter referred to as KEL and KEL'°.

Characterization of KEL!® mice

RBC-specific expression of KEL was assessed in the peripheral blood and spleen of KEL
and KEL'® mice. To detect KEL, samples were incubated with monoclonal anti-KEL Abs,
Mima-8 or Mima-9, which react with the specific Js° and KpP epitopes, respectively, as
described previously (17). The mean fluorescence intensity (MFI) of binding on RBCs
expressing high levels of KEL (KEL RBCs) or RBCs expressing low levels of KEL (KEL'©
RBCs) was calculated by subtracting the MFI of anti-1gG alone from the binding of anti-
KEL plus anti-1gG (17). Cell-specific expression was determined by costaining samples with
anti-KEL mAbs and Abs to cell-specific markers to RBCs (anti-Ter119), T cells (anti-CD3),
B cells (anti-CD19), or platelets (anti-CD41).

Abs for flow cytometry

Allophycocyanin rat anti-mouse CD4, PE rat anti-mouse CD25, FITC rat anti-mouse CD8a.,
allophycocyanin rat anti-mouse CD45R/B220, BV786 rat anti-mouse CD3e, V500 rat anti-
mouse CD4, FITC rat anti-mouse CD5, V450 rat anti-mouse CD45R/B220, PE rat anti-
mouse CD1d, PerCP rat anti-mouse IgD, allophycocyanin rat anti-mouse CD25, PE rat anti-
mouse CD1d, FITC polyclonal goat anti-mouse Ig, and allophycocyanin streptavidin were
purchased from BD Biosciences (San Jose, CA). Alexa Fluor 700 rat anti-mouse 1L-10,
Alexa Fluor 700 rat 1gG2b, k, PE Cy7 mouse 1gG1, k, and PE Cy7 mouse anti-mouse TGF-
B were purchased from eBioscience (San Diego, CA). Biotinylated rat anti-mouse C3 was
obtained from CEDARLANE (Burlington, ON, Canada), and allophycocyanin goat anti-
mouse 1gG and FITC goat anti-mouse 1gM were purchased from Jackson ImmunoResearch
(West Grove, PA). LIVE/DEAD Fixable Near-IR Dead Cell Stain was bought from Life
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Technologies (Waltham, MA). Anti-KEL (Mima-8, JsP epitope and Mima-9, Kp® epitope)
and anti-Fy3 (Mima-29) mAbs were purchased from Bio X Cell (West Lebanon, NH).

RBC transfer, survival, and staining

Donor C57BL/6, KEL, KEL!°, HOD, or HOD x KEL F1 blood was collected 1:8 into acid
citrate dextrose (Vacutainer, Franklin Lakes, NJ) and washed three times with PBS. For
polyinosinic-polycytidylic acid (PIC) priming, recipients received a single i.p. injection of
100 pg of PIC (GE, Chicago, IL) 2 h prior to transfusion, as done previously (17). Recipients
were then transfused with RBCs once, twice, or three times at 2-wk intervals via the lateral
tail vein, as done previously (17). KEL, HOD, or KEL x HOD F1 RBC challenge occurred 5
wk following KEL or KEL!® RBC exposure. To facilitate detection of RBCs posttransfer,
RBCs were labeled with DiO or CM-Dil (both from Molecular Probes, Eugene, OR), as
described previously (22, 23). Briefly, 1 ml of packed RBCs was diluted 1:10 in PBS,
followed by the addition of DiO or Dil at a 1:100 dilution. Samples were incubated for 30
min at 37°C, and unbound dye was removed by washing the samples three times in PBS.
C57BL/6-DiO and KEL or KEL!°-Dil RBCs were mixed at a 1:1 ratio and transfused via the
lateral tail vein with 50 pl of each type of blood, as outlined previously (22, 23). At the
indicated time points posttransfusion, RBC survival was measured by normalizing the
percentage of KEL or KEL'°-Dil RBCs to tracer C57BL/6-DiO RBCs. Ag density on
surviving KEL'°-Dil RBCs was evaluated by incubating samples with polyclonal sera
containing anti-KEL Abs, followed by allophycocyanin goat anti-1gG (17, 22). To examine
Abs directly bound to transfused KEL!® RBCs, samples were stained with allophycocyanin
goat anti-1gG or FITC goat anti-lgM (22). C3 fixation was additionally measured using a
biotinylated anti-C3 Ab that was detected by flow cytometry using allophycocyanin
streptavidin (22). All samples were run on a four-color BD FACSCalibur and analyzed using
FlowJo software; MFI was used to assess the levels of Ag density, bound Abs, and C3
fixation on transfused RBCs.

Seroanalysis

To determine the level of anti-HOD or anti-KEL Ab formation at various time points
following RBC challenge, we used a flow cross match approach, as described previously
(17, 19). Briefly, to detect anti-KEL Abs bound to KEL RBCs, samples were next incubated
with allophycocyanin goat anti-IgG or FITC goat anti-lgM diluted 1:100 in FACS buffer for
30 min at 4°C. C57BL/6 RBCs were similarly incubated with serum, followed by
allophycocyanin goat anti-lgG or FITC goat anti-IgM (17). The nonspecific C57BL/6 RBC
MFI was then subtracted from the KEL RBC-specific binding to determine KEL reactivity
(17). Samples were run on a four-color BD FACSCalibur and analyzed using FlowJo
software; MFI was used to measure the amount of Ag-specific Ab subsets present in the
serum.

Regulatory T cell depletion
Following KEL!® RBC exposure, nonexposed and KEL°-exposed recipients were depleted
of regulatory T cells (Tregs; CD4* CD25%) by a single i.p. injection of 500 pg of
monoclonal rat anti-CD25 IgG1 (clone PC61) or 500 ug of rat IgG1 isotype-control Ab
(both from Bio X Cell), as outlined previously (24), and then challenged with KEL RBCs.
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Treg depletion was assessed in the peripheral blood immediately prior to KEL RBC
challenge. To accomplish this, a single capillary tube (~100 pl) of whole blood was
collected from treated and nontreated mice, and peripheral blood leukocytes were obtained
by RBC lysis using RBC lysing buffer (Sigma). Isolated peripheral blood leukocytes were
incubated with an Ab mixture containing allophycocyanin rat anti-CD4 and PE rat anti-
CD25. Following a 30-min incubation at 4°C, samples were washed three times, run on a
four-color BD FACSCalibur, and analyzed using FlowJo software. Subsequently, all
recipients were challenged with KEL RBCs.

Adoptive transfer of immune cells

B cells and CD4* T cells were isolated from nonexposed or KEL!'© RBC—exposed C57BL/6
recipients. To isolate each population, splenocytes from each group were harvested by sterile
mechanical disruption of the spleen and lysis of RBCs. B cells or CD4* T cells were then
negatively enriched using a mouse Pan B Cell Isolation Kit Il or a mouse CD4* T Cell
Isolation Kit (both from Miltenyi Biotec). CD4" T cells or B cells were adoptively
transferred into C57BL/6 mice, as done previously (107 CD4* T cells or B cells into
C57BL/6 recipients or 5 x 107 B cells into B cell-deficient u(MT mice) (25-30), followed by
KEL RBC transfusion. Following transfer, all recipients were challenged with KEL RBCs.
For cellular transfer into uMT mice, recipients were conditioned with gamma radiation
treatment (300 rad) 24 h prior to B cell transfer, as done previously (31).

Immunophenotyping

Foxp3-RFP, IL-10-GFP, and C57BL/6 recipients were exposed to KEL!° or C57BL/6 RBCs,
followed by KEL RBC challenge when indicated. At day 0 (pre-KEL RBC challenge) and at
days 3 and 7 post-KEL RBC challenge, recipient splenocytes were harvested as described
above and evaluated for alterations in the percentage of regulatory B cells (Bregs) and/or
Tregs by directly staining with LIVE/DEAD Fixable Near-IR Dead Cell Stain + PE rat anti-
mouse CD1d + FITC rat anti-mouse CD5 + PerCP rat anti-mouse 1gD + BV786 rat anti-
mouse CD3e + V500 rat anti-mouse CD45R/B220 or with LIVE/DEAD Fixable Near-IR
Dead Cell Stain + BV786 rat anti-mouse CD3e + V500 rat anti-mouse CD4 + V450 rat anti-
mouse CD45R/B220 + allophycocyanin rat anti-mouse CD25 + FITC rat anti-mouse CD8a.,
respectively. Cytokine production by Bregs and Tregs was additionally examined in
splenocytes through intracellular cytokine staining. To evaluate cytokine production by
Bregs, splenocytes were restimulated in vitro for 5 h at 37°C with 50 ng/ml PMA + 500
ng/ml ionomycin + 10 pg/ml LPS (Escherichia coli serotype 0111:B4; all from Sigma) + BD
GolgiStop (containing monensin; BD Pharmingen, San Jose, CA), as done previously (25,
32, 33). For cytokine detection in Tregs, splenocytes were likewise restimulated in vitro for
5 h at 37°C with 50 ng/ml PMA + 500 ng/ml ionomycin + BD GolgiStop, as done
previously (34, 35). To control for nonspecific affects of blocking the golgi, duplicate
samples were cultured for 5 h at 37°C in BD GolgiStop alone. Following the 5-h incubation,
the cells were washed, and cell surface markers were stained for 30 min at 4°C with LIVE/
DEAD Fixable Near-IR Dead Cell Stain + PE rat anti-mouse CD1d + FITC rat anti-mouse
CDS5 + PerCP rat anti-mouse IgD + BV786 rat anti-mouse CD3e + V500 rat anti-mouse
CD45R/B220 for Bregs or with LIVE/DEAD Fixable Near-IR Dead Cell Stain + BV786 rat
anti-mouse CD3e + V500 rat anti-mouse CD4 + V450 rat anti-mouse CD45R/B220 +
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allophycocyanin rat anti-mouse CD25 + FITC rat anti-mouse CD8a. for Tregs. Then samples
were washed with FACS buffer, fixed, and permeabilized for 30 min at 4°C using BD
Cytofix/Cytoperm (BD Pharmingen). The fixed and permeabilized cells were washed once
in 1x BD Perm/Wash buffer and subsequently stained for 30 min at 4°C with Alexa Fluor
700 rat anti-mouse IL-10 + PE Cy7 mouse anti-mouse TGF- diluted 1:100 in 1x BD Perm/
Wash buffer, as outlined previously (25, 32-35). The samples were then washed and run on a
BD LSR Il at the Emory University School of Medicine Core Facility for Flow Cytometry.
BD Pharmingen MICK2 cells were used as a positive cytokine-staining control.

Statistical analysis was performed using one-way ANOVA with the Dunnett or Tukey
posttest when multiple comparisons were made or using a Student #test when comparing
two values. Significance was defined as p < 0.05. All data were reported as the mean +
SEM, unless otherwise indicated. Data are representative of at least two or three independent
experiments.

Prior to examining the potential impact of KEL Ag density on immune responsiveness
following RBC transfusion, we first sought to characterize the expression of KEL in each
founder. Examination of cells positive for the RBC-specific marker Ter119 demonstrated
that each founder produces RBCs with distinct levels of KEL, hereafter referred to as KEL
or KEL!° RBCs (Fig. 1A-C). Levels of KEL expression on RBCs isolated from KEL or
KEL'® RBC founders remained stable following their initial characterization. Although we
detected the KEL Ag on the surface of RBCs in KEL and KEL'!® mice, no KEL could be
detected on the surface of B cells, T cells, or platelets (Fig. 1D, 1E), suggesting that KEL Ag
expression in KEL or KEL'® founders specifically occurs on the RBC surface. As a result,
KEL and KEL!® RBC founders provide a unique opportunity to examine the potential impact
of immune responsiveness to the same Ag presented at different densities specifically on the
RBC surface.

To directly examine the impact of transfusing RBCs expressing KEL at different levels,
C57BL/6 recipients with RBCs negative for the KEL Ag were transfused with KEL or
KEL!° RBCs. Recipients receiving KEL RBCs generated robust IgM anti-KEL Abs,
followed by the formation of 1gG anti-KEL (Fig. 2A, 2B). In contrast, following exposure to
KEL!® RBCs, recipients produced significantly reduced IgM or 1gG anti-KEL (Fig. 2C, 2D).
To determine whether the inability of KEL!° RBCs to induce significant anti-KEL Abs
reflects inadequate exposure, we next retransfused the same recipients with additional KEL
or KEL'° RBCs. Although multiple exposures to KEL RBCs resulted in an increase in anti-
KEL Ab formation (Fig. 2E), repeat exposure to KEL'® RBCs failed to induce a detectable
increase in anti-KEL Abs (Fig. 2F), suggesting that exposure to RBCs with lower levels of
the same Ag can significantly impact immune responsiveness following RBC transfusion.

Although KEL RBCs possess the ability to readily induce anti-KEL Abs in the absence of
known innate immune ligands, Ag exposure in the absence of TLR engagement can
occasionally tolerize recipients to exposed Ag or otherwise prevent the development of an
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adequate immune response (36). To determine whether coadministration of adjuvant alters
recipient immune responsiveness to KEL!© RBCs, we pretreated KEL or KEL!© RBC-
transfused recipients with the TLR3 agonist PIC (37). Although PIC treatment enhanced the
immune response to KEL RBCs, recipient priming with PIC failed to result in increased
anti-KEL Ab formation following KEL'® RBC exposure (Supplemental Fig. 1A, 1B).
Because Ab formation may require an initial threshold of total Ag exposure, regardless of
density, we next increased the dose of KEL!® RBCs; however, escalating the dose of KEL'®
RBCs to triple that of KEL RBCs still failed to induce detectable anti-KEL Abs (Fig. 2G).

To determine whether the inability of higher doses of KEL!° RBCs to induce anti-KEL Ab
formation reflected the lack of an immune priming event, we similarly exposed recipients to
PIC prior to higher-dose KEL!° RBC transfusion. However, similar to repeat exposure to
KEL!® RBCs, high-dose KEL!® RBCs also failed to induce detectable anti-KEL Abs, even in
the presence of PIC (Supplemental Fig. 1C). Furthermore, the inability of KEL!° RBCs to
induce anti-KEL Abs did not appear to reflect any difference in KEL!° RBC survival,
because KEL!® RBCs failed to be engaged by anti-KEL Abs or complement or to display
any alteration in RBC clearance (Supplemental Fig. 2). In contrast, IgM, 1gG, and
complement were readily detected on the surface of KEL RBCs, reflecting parallel
development of anti-KEL Abs and alterations in RBC survival over time (Fig. 2A, 2B;
Supplemental Fig. 2). Finally, the reduced capacity of KEL'° RBCs to induce anti-KEL Ab
likewise did not appear to reflect instability of the KEL Ag on these cells, because no
change in KEL Ag levels could be detected following transfusion over time (Supplemental
Fig. 2G-1). Because KEL'!® RBCs failed to induce significant anti-KEL Abs, regardless of
dose, number of exposures, or recipient inflammation, these results suggest that Ag density
can dictate immune responsiveness following RBC transfusion.

The impact of KEL Ag density on immune responsiveness following RBC transfusion
suggests that the level of KEL on KEL'® RBCs may simply be below the threshold required
for a productive B cell response. However, to determine whether KEL'® RBC exposure
impacts B cell responsiveness to the KEL Ag, we simply asked whether exposure to KEL!©
RBCs primes recipients for subsequent KEL RBC—induced anti-KEL Ab formation. To
examine this, we challenged naive or KEL'® RBC-exposed recipients with KEL RBCs.
Although exposure to KEL RBCs produced anti-KEL Abs, recipients previously exposed to
KEL!° RBCs unexpectedly failed to generate significant anti-KEL Abs (Fig. 3A). These
results suggest that, although KEL!° RBCs may not possess the ability to induce significant
anti-KEL Abs, KEL'° RBC exposure is not without consequence, because recipients
exposed to KEL!0 RBCs appear to be uniquely tolerized to the KEL Ag.

Because innate immune activation can occasionally break tolerance or otherwise sensitize
recipients to generate an immune response following Ag exposure (38, 39), we next
determined whether pretreatment with PIC could resensitize recipients transfused with
KEL!° RBCs to subsequent challenge with KEL RBCs. Although pretreatment with PIC
enhanced naive recipient sensitivity to KEL RBCs (Supplemental Fig. 1), recipients exposed
to KEL!® RBCs following PIC pretreatment failed to generate a significant anti-KEL Ab
response upon KEL RBC challenge (Fig. 3B). Given the ability of KEL!° RBCs to prevent
anti-KEL Ab formation following KEL RBC exposure, we next determined whether KEL!°
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RBC pre-exposure protects KEL RBCs from immune-mediated clearance. Consistent with
the lack of detectable anti-KEL Abs in KEL!® RBC—transfused recipients, exposure to KEL!©
RBCs completely protected KEL RBCs from the accelerated clearance observed following
transfusion into naive recipients (Fig. 3C, 3D). Taken together, these results suggest that
simple exposure to KEL!® RBCs possesses the unique capacity to induce immunological
tolerance to KEL.

Given the unexpected ability of KEL'® RBC exposure to render recipients unresponsive to
KEL, we next sought to determine whether KEL!® RBC—induced tolerance reflected an Ag-
specific phenomenon or KEL!® RBC exposure nonspecifically suppresses immune responses
to other Ags. To accomplish this, we exposed naive or KEL!® RBC-treated recipients to
HOD RBCs, which express the model HEL, OVA, and Duffy chimeric Ag specifically on
RBCs (21). Because HOD is unrelated to KEL, this provides a direct ability to determine
whether KEL!® RBCs suppress immune responsiveness toward a completely different Ag
presented to the immune system in a similar fashion. Importantly, exposure of naive or
KEL!® RBC—treated recipients to HOD RBCs resulted in identical anti-HOD Ab formation
(Fig. 4A-D), suggesting that KEL'® RBC transfusion specifically suppresses immune
responsiveness to the KEL Ag. Occasionally, generation of an immune response to one Ag
can break tolerance to another Ag if that Ag is in close proximity during an immune
response (40). To determine whether KEL'® RBC—induced Ag-specific tolerance could be
maintained following challenge with RBCs expressing KEL and HOD Ags, we crossed KEL
and HOD founders to generate RBCs that express both model Ags (KEL x HOD RBCs).
Exposure of naive recipients to KEL x HOD RBCs resulted in the generation of anti-KEL
and anti-HOD Abs (Fig. 4E-H). In contrast, exposure of KEL!®© RBC—transfused recipients
to KEL x HOD RBCs resulted only in significant anti-HOD Abs (Fig. 4E-H). Taken
together, these results demonstrate that KEL!© RBC exposure possesses the unique ability to
induce Ag-specific tolerance.

To explore the mechanism by which KEL!® RBCs induce nonresponsiveness to KEL RBC-
induced Ab formation, we first sought to determine whether KEL!® RBC treatment induces
any detectable changes in common immunosuppressive populations. To accomplish this, we
exposed recipients to KEL!® RBCs, followed by enumeration of Tregs, including CD4*
CD25* Foxp3* Tregs (41, 42). Transfusion of KEL!® RBCs failed to result in any detectable
alterations in Treg numbers (Fig. 5A, 5B). Because KEL!® RBC treatment may prime Tregs
to expand following subsequent KEL RBC exposure, we next tested whether any alterations
in Tregs could be detected following KEL RBC challenge of KEL!® RBC-transfused
recipients; however, no quantitative alterations were observed in Treg populations of KEL!°
RBC-transfused recipients, even following subsequent KEL RBC exposure (Fig. 5A, 5B).
Likewise, exposure to KEL!® RBCs did not change the effector profile of Tregs (Fig. 5C,
Supplemental Fig. 3), and depletion of CD4* CD25* Tregs following KEL!° RBC
transfusion failed to resensitize recipients to KEL RBC—induced Ab formation (Fig. 5D-F).
Finally, because previous studies demonstrated that transfer of T cells from a tolerized
recipient into naive recipients can convey Ag-specific tolerance when immunosuppressive
populations play a critical role (43, 44), we transferred CD4* T cells isolated from KEL!©
RBC-transfused recipients into naive recipients, as done previously (27), followed by KEL
RBC challenge. However, transfer of CD4* T cells from KEL!°-treated recipients failed to
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yield any detectable alterations in anti-KEL Ab formation following KEL RBC exposure
(Fig. 5G).

Although Tregs did not appear to play a role in the humoral nonresponsiveness of KEL!°
RBC-transfused recipients, we next sought to evaluate the potential impact of KEL!® RBC
exposure on B220* CD5* CD1d" IL10* Bregs. Similar to Tregs, no change in the number or
function of Bregs could be detected following initial KEL!® RBC transfusion or subsequent
KEL RBC challenge of KEL!® RBC-exposed recipients (Fig. 6A—C). Likewise, transfer of B
cells isolated from KEL!® RBC—transfused recipients into naive recipients, as done
previously (28-30), failed to cause any detectable alterations in anti-KEL Ab formation
following KEL RBC exposure (Fig. 6D). Taken together, these results suggest that KEL!
RBC-induced tolerance does not reflect the induction of immunosuppressive populations
that actively inhibit anti-KEL Ab formation following KEL RBC exposure.

Given the lack of apparent involvement of immunosuppressive T or B cell populations in
KEL!'° RBC-induced tolerance, the ability of KEL!'° RBCs to induce an Ag-specific state of
immunological unresponsiveness may reflect direct alterations in the activity of anti-KEL B
cell clones. Indeed, although altered KEL Ag density may impact a variety of distinct
immune populations, alterations in KEL Ag presentation on the RBC surface would be
anticipated to most directly impact BCR engagement on the surface of B cells, which would
be predicted to impact B cell function in a clone-specific fashion (45, 46). Certainly, BCR
ligation would be anticipated to be the most sensitive immune detection event of altered
surface Ag (45). Consistent with this, although KEL!® RBC exposure rendered recipients
nonresponsive to KEL, KEL!® RBCs failed to impact the immune response to the unrelated
HOD Ag, even when expressed on the same RBC (Fig. 4), suggesting a clone-specific
phenomenon and providing further evidence against a role for Tregs or Bregs in the observed
nonresponsiveness to KEL. Because the KEL and KEL!® RBCs represent a new and novel
system to study the impact of Ag density on immune responsiveness, typical BCR-
transgenic tools to study the consequence of KEL or KEL!® RBC exposure on specific B cell
clone function do not exist. Therefore, to test whether differential engagement of KEL-
reactive B cells by KEL!® RBCs induces a state of nonresponsiveness toward the KEL Ag,
we instead transferred B cells isolated from naive or KEL'® RBC-transfused recipients into
B cell-deficient uMT recipients, as done previously (25, 28). Exposure of uUMT recipients to
KEL RBCs that received B cells from naive recipients displayed significant anti-KEL Ab
formation, similar to that observed in intact C57BL/6 recipients (Fig. 6E). However, uMT
recipients that received B cells from KEL!® RBC—exposed recipients failed to generate the
same level of detectable anti-KEL Abs when evaluated in parallel (Fig. 6E). Failure to
induce anti-KEL Abs in this setting did not appear to reflect B cell-mediated suppression,
because UMT recipients that received a cotransfer of B cells from naive and KEL!® RBC-
exposed recipients generated similar levels of anti-KEL Abs (Supplemental Fig. 4). Taken
together, these results demonstrate that KEL!° RBC transfusion induces a state of Ag-
specific tolerance, likely through the induction of B cell clone unresponsiveness.
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Discussion

Our results demonstrate the effect of Ag density on immune outcomes following RBC
transfusion. Although various factors likely dictate immune responsiveness following RBC
transfusion, these data suggest that transfusion of RBCs expressing low Ag levels may not
only fail to induce alloantibodies, but can actually render recipients unresponsive following
additional challenge with RBCs expressing the same Ag at higher levels. This decreased Ab
response is consistent with previous studies, suggesting that Ag density can impact the
likelihood of Ab formation against RBC alloantigens, such as RhD (11, 12, 17). However,
the ability of exposure to RBCs bearing lower Ag density to influence subsequent
responsiveness to the same Ag presented at higher levels represents an unexpected finding
and suggests that exposure to RBCs expressing varied levels of Ag may influence initial
responsiveness, as well as subsequent tolerance. Thus, although a variety of factors,
including recipient inflammation and MHC haplotype, may impact the likelihood of
developing an alloantibody response following transfusion (9, 47-51), alloantigen density
appears to be an independent and potent regulator of immunological responsiveness to RBC
alloantigens.

The ability of KEL!® RBCs to induce Ag-specific tolerance suggests that the temporal
relationship between exposures to RBCs bearing distinct densities of an alloantigen may
influence the likelihood that an individual develops an immune response following RBC
transfusion. In addition, these results may provide insight into the role of pretransplant
transfusions in either sensitizing or desensitizing transplant recipients. Conflicting reports of
beneficial or detrimental outcomes related to transfusing patients prior to transplantation
have contributed to long-standing controversy regarding the best medical practices (52);
however, the factors that influence differential immune outcomes following transfusion
remain unclear. Our results suggest that variation in Ag density may play an important role
in influencing the likelihood of allosensitization and allograft survival in these settings, thus
providing possible insight into different outcomes of transfusion on transplantation.

Although the impact of low alloantigen—density RBC exposure on subsequent immune
responsiveness can be clearly observed in the KEL model system, it remains unknown
whether similar alterations in response occur following exposure to other RBC alloantigens
at low density. Indeed, given the structural complexity and distinct nature of different RBC
alloantigens, each alloantigen may possess a unique threshold that dictates immune
responsiveness following alloantigen exposure. Consistent with this, although RBCs
expressing low levels of RhD (weak RhD) possess a reduced ability to induce anti-RhD
alloantibodies, cases of anti-RhD Ab formation following exposure to RBCs with weak RhD
expression were reported (53-55). However, it remains unknown whether weak RhD RBC
exposure in individuals who fail to generate an anti-D response impacts the subsequent
immune responsiveness to RhD RBCs. Previous studies demonstrated that recipient factors,
such as baseline differences in inflammation and immune regulatory populations within the
recipient, also impact immune responsiveness to RBC transfusion (9, 56, 57). Additionally,
because this model system represents immune responsiveness to the human KEL Ag in
nonhumanized C57BL/6 recipients, the xenoantigenic nature of this Ag may influence the
formation and regulation of Ab production in this setting. Thus, although Ag density may
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influence RBC alloimmunization, a variety of donor and recipient factors likely converge to
dictate the final immunological outcome of RBC transfusion.

Previous studies demonstrated that altering the affinity of Ag for a BCR directly impacts the
likelihood of an Ab response following Ag engagement by impacting the ability of B cells to
ligate Ag through Ag-specific BCRs. This results in an impaired ability to effectively
propagate the signaling response required for Ag presentation and effective Ab production
(58-60). Although the KEL Ag on KEL!? and KEL RBCs appears identical, and, therefore,
unlikely to possess variations that would intrinsically impact affinity, alterations in density
may still impact the overall avidity of this interaction. In this way, different levels of Ag may
mimic some of the affinity-based regulation observed previously (58-60). Equally
important, the results of the current study demonstrate that a critical threshold can exist to
generate an effective Ab response, as well as that alterations in Ag can actually inhibit
responsiveness to subsequent challenge with RBCs expressing higher Ag levels. Because
KEL!° RBC-induced tolerance appears to occur through an Ag-specific induction of B cell
unresponsiveness, this form of tolerance may reflect the ability of KEL!° RBCs to induce
alterations in B cell signaling that induce a state of anergy, cause apoptosis, or render cells
unresponsive through some other mechanism (58, 60-63). However, although the data
strongly suggest that KEL!° RBC exposure impacts KEL-specific B cells directly, it remains
possible that Ag engagement and uptake by APCs could also impact the subsequent immune
response in such a way as to facilitate KEL!® RBC induction of B cell responsiveness.
Regardless of the exact mechanism of B cell unresponsiveness, these results demonstrate
that simple alterations in Ag density can render a recipient unresponsive to very specific
antigenic challenge. Thus, these findings provide useful insight into factors that may
regulate immune responsiveness following RBC transfusion.

The unique impact of Ag density on immune responsiveness not only aids in resolving long-
standing questions regarding factors that influence alloantibody formation following RBC
transfusion, it also suggests that RBCs may be used as novel tools to intentionally induce
Ag-specific tolerance. Although RBCs can be genetically modified, these cells uniquely
extrude their nucleus, allowing RBCs to retain a desirable genetic imprint, such as altered
Ag density, without conveying the same risks associated with directly introducing altered
genomes into patients (64—66). Therefore, because RBC transfusion represents one of the
oldest forms of cellular therapy (1, 2), genetic modification of RBCs to express altered Ag
may be used to favorably manipulate immune responsiveness against specific antigenic
determinants. Because current immunosuppressive approaches most often require general
immunosuppression, with the accompanying risks for opportunistic infection (67-70),
engineering RBCs with altered Ag levels may provide a simple and effective approach for
inducing Ag-specific tolerance. Additionally, although our current results demonstrate an
ability for low Ag—density RBC exposure to induce B cell unresponsiveness in naive
recipients, providing a powerful tool for prophylactic treatment, future studies will
investigate whether exposure to RBCs with low Ag levels can also desensitize B cells that
were previously activated, which would offer a compelling potential for treatment of
devastating immune-mediated conditions, such as graft rejection and active autoimmunity.
Thus, understanding fundamental aspects of factors that regulate immune responsiveness to
transfusion provides insight into RBC alloimmunization, as well as allows for the
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development of new avenues of research in the treatment, and even prevention, of a wide
variety of challenging immune-mediated conditions (71, 72).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Different founders stably produce RBCs with distinct levels of the KEL Ag. (A) Flow
cytometric examination of KEL Ag expression on KEL'® (blue) and KEL (red) RBCs. (B)
Quantitative analysis of KEL Ag expression on KEL, KEL!®, and C57BL/6 (B6) KEL~
RBCs. (C) Schematic of potential differences in KEL and KEL!® RBC interactions with the
immune system. Analysis of KEL Ag expression on CD3* T cells and CD19* B cells (D)
and CD41* platelets (E) from KEL'° (blue) and KEL (red) RBCs. Error bars indicate SEM.
***%p < 0.0001, one-way ANOVA.
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FIGURE 2.

KEL!° RBCs fail to induce detectable anti-KEL Abs. C57BL/6 recipients negative for the
KEL Ag were transfused with KEL (A and B) or KEL!® (C and D) RBCs, followed by
serological detection for IgM anti-KEL or IgG anti-KEL at the time points indicated.
C57BL/6 KEL™ recipients were exposed to one, two, or three doses of KEL (E) or KEL!©
(F) RBCs, followed by examination of IgG anti-KEL Ab formation at day 14 posttransfer.
(G) C57BL/6 KEL™ recipients were exposed to a normal dose of KEL RBCs or three times
the normal dose of KEL!® RBCs, followed by evaluation of IgG anti-KEL Abs at day 14
posttransfer. Error bars indicate SEM. *p < 0.05, **p < 0.01, one-way ANOVA.
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KEL'® RBC exposure prevents KEL RBC-induced Ab formation. (A) C57BL/6 KEL™
recipients were exposed to KEL or KEL!° RBCs in the presence or absence of a secondary
KEL RBC exposure, as indicated, followed by evaluation of anti-KEL Abs at day 5 (IgM)
and day 14 (IgG) posttransfer. (B) C57BL/6 KEL™ recipients pretreated with PIC were
exposed to KEL or KEL!® RBCs in the presence or absence of a secondary KEL RBC
exposure as indicated, followed by evaluation of anti-KEL Abs at day 5 (IgM) and day 14
(1gG) posttransfer. Evaluation of KEL RBC survival following transfer into C57BL/6 KEL™
recipients (B6 recip.) or KEL* recipients (KEL recip.) with no previous KEL exposure (C)
or previous exposure to KEL!° RBCs (D) (7= 5). *p< 0.05, **p < 0.01, ***p < 0.001,

**** < 0.0001, one-way ANOVA.
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FIGURE 4.

KEL'® RBC exposure specifically tolerizes recipients to the KEL Ag. C57BL/6 KEL™
recipients were exposed to KEL!?, KEL, or HOD RBCs alone or to KEL!® RBCs, followed
by KEL or HOD RBCs, as indicated. IgM anti-KEL (A), 1gG anti-KEL (B), IgM anti-HOD
(C), or IgG anti-HOD (D) Ab formation was evaluated 5 d (IgM) or 14 d (1gG)
posttransfusion. C57BL/6 KEL™ recipients were exposed to KEL RBCs, HOD RBCs, RBCs
expressing KEL and HOD Ags (KEL x HOD), or KEL!® RBCs, followed by a KEL x HOD
RBC challenge. IgM anti-KEL (E), IgG anti-KEL (F), IgM anti-HOD (G), or 1gG anti-HOD
(H) Ab formation was evaluated 5 d (IgM) or 14 d (IgG) days posttransfusion. Error bars
indicate SEM. *p < 0.05, **p < 0.01, ****p < 0.0001, one-way ANOVA.
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FIGURE 5.
KEL!® RBC exposure fails to induce detectable changes in Treg numbers or function. (A)

Representative flow plots of CD25* Foxp3* Tregs following C57BL/6 KEL™ recipient
exposure to PBS (Naive), C57BL/6 (B6), KEL!?, or KEL RBCs. Quantitative analysis of
CD25* Foxp3* Tregs (B) or quantitation of TGF-B—producing CD25* Foxp3* Tregs (C)
following exposure to C57BL/6 (B6) or KEL!° RBCs prior to (DO, day 0) or following (D7,
day 7 following transfer) a KEL RBC challenge. A PBS-treated control group, not exposed
to KEL (Naive), was also evaluated at each time point. At D7, a group transfused with KEL
only group (KEL) was included to control for endogenous Treg response to KEL RBC
exposure. (D) Representative flow cytometric examination of CD4* CD25* T cells
following injection of an anti-CD25 depleting or isotype-control Ab. (E) Quantitative
analysis of CD4* CD25" T cells following depletion (Treg depl.) or isotype control (Iso.
Cont.) injection, as indicated. (F) Examination of 1gG anti-KEL Ab formation following
KEL RBC transfusion (KEL) into untreated (Naive), CD4* CD25* T cell-depleted (Treg
Depl.), or isotype control (Iso. Cont.)-treated recipients or recipients that were exposed to
KEL!° RBCs prior to depletion of CD4* CD25* T cell depletion (Treg Depl.) or isotype
control (Iso. Cont.) treatment and then challenged with KEL RBCs (KEL!—KEL). (G)
Evaluation of anti-KEL 1gG Ab formation following KEL RBC challenge in recipients
pretransfused with PBS (Naive) or adoptively transferred with 107 CD4* T cells from
C57BL/6 naive (Naive T cells) or KEL!® RBC-treated (KEL'® T cells) recipients. Error bars
indicate SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, one-way ANOVA.
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FIGURE 6.

KEL!° RBC exposure fails to induce detectable changes in Breg number or function, but it
renders B cells unresponsive to KEL RBC challenge. (A) Representative flow cytometric
examination of the percentage of CD5* CD1d" Bregs following C57BL/6 KEL™ recipient
exposure to PBS, C57BL/6 (B6), KEL!°, or KEL RBCs. Quantitative analysis of CD5*
CD1d" Bregs (B) or quantitation of IL-10-producing CD5* CD1d" Bregs (C) following
exposure to B6 or KEL!® RBCs prior to (DO, day 0) or following (D7, day 7 following
transfer) a KEL RBC challenge. A PBS-treated control group, not exposed to KEL (Naive),
was also evaluated at each time point. At D7, a group transfused with KEL only (KEL) was
included to control for endogenous Breg response to KEL RBC exposure. (D) Evaluation of
IgG anti-KEL Ab formation in KEL RBC—challenged recipients injected with PBS (Naive)
or adoptively transferred with 107 CD19* B cells from C57BL/6 naive (Naive B cells) or
KEL'® RBC-treated (KEL' B cells) recipients. (E) Examination of anti-KEL Ab production
following KEL RBC transfusion into C57BL/6 KEL™ recipients (Naive), UMT recipients
(LMT), or pUMT recipients adoptively transferred with 5 x 107 B cells from C57BL/6 naive
(UMT + Naive B cells) recipients or 5 x 107 cells from KEL0-treated recipients (uUMT +
KEL! recip. B cells). Error bars indicate SEM. *p< 0.05, **p < 0.01, ***p< 0.001, ****p
< 0.0001, one-way ANOVA.
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