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Abstract
Background—Allogeneic tolerance can be reliably obtained with monoclonal antibody therapy
targeting CD45RB. Although regulatory T cells play an important role in the mechanism, we have
recently demonstrated the active participation of host B lymphocytes. After anti-CD45RB therapy,
B lymphocytes demonstrate phenotypic alterations that include up-regulation of CD54 (intercellular
adhesion molecule [ICAM]-1). We have investigated the hypothesis that alteration in ICAM-1
expression is required for tolerance induction.

Materials and Methods—Recipients of heterotopic allogeneic cardiac grafts (C3H donors into
B6 recipients) were treated with anti-CD45RB, anti-ICAM, anti-lymphocyte function-associated
antigen-1 (LFA), or the combination of these agents. These data were extended by performing
allogeneic cardiac transplants into ICAM−/− or LFA−/− recipients treated with a 5-day course of anti-
CD45RB. Finally, B-cell-deficient animals were reconstituted with ICAM−/− splenocytes to create
a recipient with a selective deficiency of ICAM-1 restricted to the B-cell compartment.

Results—Anti-CD45RB alone or the combination of anti-LFA/anti-ICAM reliably induced
transplantation tolerance. However, the triple combination was routinely unsuccessful and induced
long-term graft survival in no recipients. ICAM-deficient or LFA-deficient recipients were also
resistant to tolerance induced by anti-CD45RB. Finally, transfer of control splenocytes to B-cell-
deficient recipients permitted anti-CD45RB-induced tolerance, whereas transfer of ICAM−/− cells
was unable to support tolerance induction.

Conclusions—Expression of ICAM-1 by B lymphocytes and interaction with LFA-1 form a
central aspect of transplantation tolerance induced by anti-CD45RB therapy. These data further
elucidate the cellular mechanisms used by B lymphocytes in the induction of transplantation
tolerance.
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The success of transplantation for numerous life-threatening illnesses is currently predicated
on the efficacy of immunosuppressive therapies. Given the toxicities of these regimens, there
is a strong impetus to develop new strategies that induce permanent donor-specific tolerance.
Despite the great theoretical advantages of such therapies, translating them into the clinical
setting remains a significant challenge. A better understanding of the mechanistic
underpinnings of induced tolerance may facilitate this transition and may also reveal tolerance-
adverse interactions that could occur in the setting of polypharmacy.

Monoclonal antibody therapy against the CD45RB molecule is an attractive target, given the
short course of therapy needed for tolerance induction and the growing body of literature
elucidating the mechanism of action of this reagent (1–4). Previous studies have demonstrated
the induction of donor-specific regulatory T cells, the importance of cytotoxic T lymphocyte
antigen 4 (CTLA-4), the modulation of peripheral T cell ratios, and the requisite role of the
thymus (5–9). Unexpectedly, we have also recently demonstrated an absolute requirement for
B lymphocytes in this model of transplantation tolerance (10).

Our finding that B cells are required for anti-CD45RB-mediated tolerance has important
implications, given a recent surge in interest in B-cell-depleting immunotherapies in the
settings of both transplantation and autoimmunity. B lymphocytes are the most numerous
antigen presenting cells and have the unique capacity to concentrate circulating antigen several
hundred fold through the surface Ig receptor, a capability that suggests a prominent role in
indirect allopresentation. The requirement for B cell participation in tolerance induction opens
a number of new investigational opportunities. If this tolerance-promoting pathway can be
discerned, it is possible that it could be replaced by tailored pharmacotherapy or that the
pathway in recipient B cells could be specifically enhanced during tolerance induction.
Moreover, given the role of regulatory T cells in anti-CD45RB and other immunotherapies,
there may be important insights into B cell-Treg interactions.

During our prior investigation, we have demonstrated that treatment with anti-CD45RB
induces B cells to up-regulate CD54 (intercellular adhesion molecule [ICAM]-1) during
therapy (11). Because the ICAM-1 adhesion molecule is important for lymphocyte migration
and may also have co-stimulatory function, we have extended these studies to determine the
function of ICAM-1/lymphocyte function-associated antigen-1 (LFA-1) interactions in
tolerance induced by anti-CD45RB. Herein, we report that this pathway is also required for
long-term tolerance induction.

MATERIALS AND METHODS
Mice

Mice (C57BL/6, C3H, B6.ICAM-1−/−, B6.LFA-1−/−, and B6.μMT−/−) were purchased from
the Jackson Laboratories (Bar Harbor, ME). All mice were housed under specific pathogen-
free barrier conditions. All procedures detailed below were performed under the principles of
laboratory animal care and approved by the IACUC committee at the University of
Pennsylvania.

Heart Grafting
Experiments were performed according to a protocol approved by the Institutional Animal
Care and Use Committee at the University of Pennsylvania. Transplantation was performed

Huang et al. Page 2

Transplantation. Author manuscript; available in PMC 2010 September 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



according to the Ono-Lindsey model as adapted for mice (12). Kaplan-Meier survival curves
were generated and statistical analysis performed by use of the log-rank test.

Antibody Therapies
Animals were treated with intraperitoneal (IP) injection of 100μg of rat anti-mouse CD45RB
antibody (clone: MB23G2, ATCC, Rockville, MD) on days 0, 1, 3, 5, and 7 after transplant.
Treatments with either anti-ICAM-1 (clone: YN-1/1.7.4, ATCC) or anti-LFA-1 (clone:
M17/4.411.9, ATCC) consisted of daily injection of 50 μg IP for a total of 7 days. All these
antibodies and the control antibodies (rat IgG2a, IgG2b) were purchased from Bio Express,
Inc. (West Lebanon, NH).

Flow Cytometry
One million cells were suspended in biotin-free RPMI containing 0.1% azide and 3% FCS and
surface-stained in 96-well plates with the appropriate mAbs (PharMingen, San Diego, CA or
eBioscience, San Diego, CA): anti-CD3 (145-2C11-FITC or -PE), anti-CD45R/B220
(RA3-6B2-biotin), anti-CD11a (M17/4-FITC), or anti-CD54 (3E2-PE). All samples were
analyzed on a FACSCalibur flow cytometer (Becton Dickinson, Mountain View, CA) using
CellQuest software. Differences were detected by changes in mean fluorescence intensity
(MFI) and analyzed by unpaired t-tests.

Adoptive Transfer Study
Ten million splenocytes from the indicated background strain were adoptively transferred to
B-cell-deficient hosts by tail vein injection (10).

RESULTS
Anti-CD45RB Immunotherapy Leads to Specific Alteration of ICAM-1 and LFA-1 Expression

We have recently reported that anti-CD45RB-induced tolerance on both the B6 and BALB/c
background depends on the presence of B lymphocytes. Prior characterization of the B cell
requirement during tolerogenesis revealed consistent up-regulation of CD54 (ICAM-1) in B
cells during exposure to anti-CD45RB (10). To elucidate further the underlying mechanisms
for this B-cell-dependent T-cell tolerance, we analyzed the expression profiling and change of
both ICAM-1 and its primary ligand LFA-1 on immune cells in mice treated with anti-CD45RB
antibody.

As shown in Figure 1, T cells and B cells express both ICAM-1 and LFA-1 molecules. In naive
animals, anti-CD45RB treatment results in up-regulation of ICAM-1 on both T and B cells,
and down-regulation of LFA-1 on T cells but not on B cells (Fig. 1A–D). To extend this
observation, we analyzed the ICAM-1 expression on B cells at different sites of the transplanted
recipients. As seen in Figure 1, exposure of B6 mice to an allogeneic cardiac transplant along
with anti-CD45RB treatment leads to consistent up-regulation of CD54 at multiple sites of B
lymphocyte accumulation, including the spleen (Fig. 1E–H), the peripheral lymph nodes (Fig.
1F), and the para-aortic nodes draining the graft (Fig. 1G). This increase in ICAM-1 expression
was not caused by depletion of B lymphocytes with lower expression of ICAM as there was
no significant depleting effect detected in splenocytes (52±20×106 in control vs. 60±11×106

in anti-CD45RB-treated mice, n=5) immediately after completion of the anti-CD45RB
treatment.
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Combination Therapy With Anti-CD45RB and Blockade of ICAM-1/LFA-1 Interaction Leads
to Disruption of Tolerance Induction

Given the strong association of CD54 up-regulation with CD45RB-directed treatment, we
determined whether this change played a positive or negative role in the tolerance process.
Because ICAM-1 itself is a potent co-stimulatory molecule and antibody against ICAM-1 has
also been used successfully to induce tolerance (13–16), we considered whether up-regulation
of the ICAM molecule may inhibit tolerance induction because anti-CD45RB fails to induce
tolerance in about 30% of treated recipients in most published series. We hypothesized that
blockade of the ICAM-1/LFA-1 interaction could enhance anti-CD45RB-mediated tolerance
induction, and therefore, determined whether antibody-mediated disruption of the LFA-1/
ICAM-1 interaction would enhance or disrupt tolerance induced by anti-CD45RB in a fully
allogeneic C3H to B6 cardiac transplant model.

As can be seen in Figure 2A, anti-CD45RB or combination blockade of both ICAM-1 and
LFA-1, but not anti-ICAM-1 or anti-LFA-1 alone, induces tolerance in this transplant model,
findings consistent with the published literature (14, 15). However, coadministration of anti-
CD45RB with antibody against ICAM-1, LFA-1, or the tolerogenic ICAM-1/LFA-1
combination abrogates tolerance induction (Fig. 2B). Importantly, therapy with anti-ICAM-1
did not lead to B-cell depletion but did result in significant down-regulation of ICAM-1
expression on B cells (data not shown). These data suggest that the up-regulation of ICAM-1
seen after anti-CD45RB treatment plays a crucial role in the pathway leading to tolerance.

Expression of ICAM-1 and LFA-1 Is Required in Recipient Animals for Tolerance Induction
Although these initial experiments support an important role for ICAM-1/LFA-1 interactions
in anti-CD45RB tolerance, we sought added specificity in our system through the use of
recipients genetically deficient in either ICAM-1 or LFA-1. B6-background mice deficient in
either ICAM-1 or LFA-1 readily rejected allogeneic C3H hearts, indicating that these recipients
were not immunocompromised (Fig. 3). When treated with anti-CD45RB antibody, long-term
graft survival was not achieved in either setting; this tolerance resistance confirmed the
requisite role played by this molecular interaction in promoting anti-CD45RB-mediated
tolerance induction (Fig. 3).

Restoration of Tolerance Induction by B-Cell Transfer into B-Cell-Deficient Hosts Requires
B-Cell Expression of ICAM-1

Extension of the model into the knock-out systems also afforded the opportunity for further
dissection of the cellular mechanisms involved. Because we had demonstrated up-regulation
of ICAM-1 in B lymphocytes and a B-cell requirement for tolerance induction, we
hypothesized that expression of ICAM-1 on B cells is necessary for anti-CD45RB-mediated
tolerance. To test this hypothesis, we used our previously described protocol in which B-cell-
deficient hosts are reconstituted with transferred splenocytes (10). As a brief overview of the
established model, using the B-cell-deficient (μMT−/−) recipient mice in multiple genetic
backgrounds we have previously demonstrated that the B cell deficiency is the single factor
that prevents tolerance induction. Reconstitution of these mice with purified B cells restores
tolerance susceptibility, indicating that B cells rather than another cell type altered by B cell
deficiency is the target of anti-CD4RB immunotherapy. Because splenocyte transfer similarly
restores the ability to induce tolerance in B-cell-deficient recipients, we have used this model
to minimize the effects of prolonged ex vivo manipulation of the transferred cells. In the current
investigation, B-cell-deficient recipients were either left unmanipulated or reconstituted with
splenocytes from normal B6 or B6.ICAM−/− donors to generate recipients with a selective
deficiency of ICAM-1 in the B-cell compartment (Fig. 4). B-cell-deficient recipients efficiently
rejected allogeneic hearts and could not be tolerized by anti-CD45RB therapy. In contrast,
tolerance induction was restored by injection of splenocytes from naive B6 donors. Splenocytes
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from ICAM-1-deficient donors were unable to restore tolerance induction, indicating a critical
role for B cell ICAM-1 expression in the development of tolerance.

DISCUSSION
Collaboration of T cells and B cells is a complex and multifactorial process that is central to
the development of a robust immune response. In addition to the immunostimulatory capacity
for T cells possessed by B lymphocytes, there is an emerging literature demonstrating that B
cells also exhibit potent immunoregulatory function (10,17–20). Consistent with this notion,
we recently reported that B cells are required for tolerance induced by anti-CD45RB therapy
(10). This finding has been mirrored in other model systems, particularly in certain murine
models of autoimmune disease in which B lymphocytes attenuate autoreactivity (18–22).

These new findings place the B lymphocyte into a critical juncture within both the adaptive
immune response and the maintenance of self-tolerance. Over the past decade, multiple studies
have also demonstrated that B cells are potent activators of autoreactive T cells. In murine
models of IDDM and lupus, T lymphocyte activation is impaired and autoimmunity is nearly
nonexistent in B-cell-deficient animals (23–26). Nonetheless, in these same animals, the T
lymphocytes remain nontolerant and retain disease-provoking ability when transferred to B-
cell-sufficient hosts (27), and it is apparent that autoimmune-prone B lymphocytes cannot
precipitate autoimmunity by themselves and cannot provoke autoimmunity in otherwise
normal hosts (28). Thus, in the absence of B cells, tolerance is not achieved and modification
of B cell action may be necessary to induce long-term T-cell tolerance in these contexts.

Overall, the prior data suggest that B lymphocytes could interact with allo- and autoreactive
effector cells and that alteration of B lymphocyte function may be able to control effector cell
activation and promote tolerance induction. This issue is of critical importance given the recent
rise in interest in antibody therapies that deplete B cells for use in autoimmunity and transplant
tolerance-inducing therapies (29). Our data suggest that selective manipulation of B cell
function rather than depletion may represent the optimal approach to promotion of antigen-
specific T-cell tolerance to allografts. Of interest, our model system in which B-cell-deficient
recipients can be reconstituted with B cells from knockout donors represents a unique and
incisive model to elucidate the cell type with which B lymphocytes interact during tolerance
induction. Potential candidates include CD4 and CD8 T cells as well as NKT cells, which can
be differentiated by their respective requirements for antigen presentation by MHC class II,
class I, and the CD1d molecule. Understanding the cellular mechanism may also reconcile the
apparent discrepancy between this work and the recent study by Rayat and Gill in which a
combination of anti-LFA-1 and anti-CD45RB more efficiently prevented the rejection of islet
xenografts (30). Certainly, the cellular basis of allogeneic and xenogeneic recognition and
rejection are distinct as these findings affirm (31–33). Despite this difference, the report by
Rayat and Gill did demonstrate robust B lymphocyte tolerance as a principle component of the
xenogeneic tolerance mechanism. Our findings suggest that the effect on the B cell
compartment must be transferred to another cell type that is involved in allograft but not
xenograft rejection and that this mechanism proceeds in part through the function of adhesion
molecules. Whether B lymphocyte tolerance is also required in our model of allogeneic
tolerance is under investigation.

Because anti-CD45RB leads to up-regulation of ICAM-1, understanding the cellular and
molecular mechanisms involved in their function will be critical to clarify their roles in
tolerance and rejection in diverse settings. Although the complete mechanism of action of
CD45RB is not known, the natural role of the CD45 cell surface molecule is to control the state
of lymphocyte sensitivity and responsiveness to antigenic stimuli. We have reported elsewhere
that treatment with anti-CD45RB promotes activation-induced cell death (9,11). In addition to
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these actions, selective up-regulation of CD54 may enhance the ability of B cells to interact
with Tregs. Indeed, Marski et al. have demonstrated that LFA-1 is required for optimal Treg
development and function (34). By enhancing CD54 expression, B cells may be able to
stimulate Tregs that would not otherwise be recruited into the protective response.

In addition to a candidate mechanism for enhanced Treg interactions, alteration of the adhesion
molecule ICAM-1 could affect cell trafficking and could lead to lymphocyte retention in the
node similar to that seen with FTY720 immunotherapy (35–37). We have investigated
lymphocyte recirculation in this model using adoptive transfer of CFSE-labeled lymphocytes
and have not found any differences in B or T cell trafficking patterns, suggesting that there is
either no effect or that the effected cellular subsets are too small for identification by this
method (data not shown).

Overall, these data demonstrate a pattern of B-cell activation that is required for tolerance
induction by anti-CD45RB. Whether a similar role is played by B cells in other
immunotherapies requires further investigation, particularly, given current interest in B-cell
depletion therapy. There is mounting evidence that B cells can play an effective role in
immunoregulation and identifying and enhancing these pathways, such as the ICAM-1/LFA-1
interaction demonstrated here, may lead to more potent and specific therapies for tolerance
induction.
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FIGURE 1.
Expression of CD54 by B lymphocytes after anti-CD45RB therapy. Naive B6 animals were
given a routine course of anti-, and the expression of LFA-1 (A and B) and intercellular
adhesion molecule (ICAM)-1 (C and D) was analyzed on splenic T and B lymphocytes at the
end of therapy. LFA-1 expression was down-regulated on T cells (CD3+, A) but B cell
expression was unaffected (CD19+, B). ICAM-1 expression was enhanced on both splenic T
(C) and B (D) lymphocytes. (E–F) B6 mice were grafted with allogeneic C3H hearts in the
presence or absence of anti-CD45RB administered by the routine protocol. Exposure to anti-
CD45RB leads to up-regulation of CD54 on B cells in multiple sites as identified by B220-
gating. Up-regulation of B lymphocyte CD54 (ICAM-1) is detected in the spleen (E), peripheral
nodes (F), and para-aortic lymph nodes (G). (H) Mean fluorescence intensities of anti-CD54
staining of splenic B lymphocytes from anti-CD45RB treated and untreated animals were
compiled from four different experiments. A nearly twofold increase in MFI is seen
consistently after anti-CD45RB therapy (P<0.0001, unpaired t test). Similar analysis for
draining and para-aortic lymph nodes also reveals a significant increase in ICAM-1 expression
(P<0.01, unpaired t test).
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FIGURE 2.
Anti-CD45RB-mediated tolerance is disrupted by blockade of intercellular adhesion molecule
(ICAM)-1 or LFA-1. Hearts from C3H mice were transplanted into the abdominal cavity of
B6 mice. (A) Mice were untreated (n=9, square) or treated with anti-CD45RB Abs (100 μg
intraperitoneally [IP] on days 0, 1, 3, 5, 7; n=15, diamond), anti-ICAM-1 (50 μg IP for 7 days;
n=6, triangle), anti-LFA-1 (50 μg for 7 days; n=6, circle), or the combination of anti-ICAM-1/
anti-LFA-1 (n=6, inverted triangle). Tolerance was induced in both anti-CD45RB (P<0.0001
vs. untreated) and ICAM-1/LFA-1 combination therapy recipients (P<0.0001 vs. untreated).
(B) Coadministration of anti-CD45RB with anti-ICAM-1 (n=8, triangle), anti-LFA-1 (n=8,
circle), and anti-LFA-1/ICAM-1 (n=5, inverted triangle) combination abrogated tolerance
induction in all cases. The untreated and anti-CD45RB-tolerized groups from (A) are shown
for comparison (square).
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FIGURE 3.
Anti-CD45RB is ineffective in mice that lack expression of intercellular adhesion molecule
(ICAM)-1 or LFA-1. Hearts from C3H donors were transplanted heterotopically into the
abdominal cavity of B6 mice that were genetically deficient in ICAM-1 or LFA-1 expression.
Transplantation of C3H hearts into either ICAM-1−/− (n=6, triangle) or LFA-1−/− (n=6,
diamond) recipients leads to rejection in a routine fashion indicating the immunocompetence
of the recipients. Treatment of ICAM-1−/− (n=8, open triangle) or LFA-1−/− (n=6, open
diamond) deficient animals with anti-CD45RB therapy is unable to induce tolerance in either
case although there is a modest prolongation over untreated animals.
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FIGURE 4.
Expression of intercellular adhesion molecule (ICAM)-1 by B lymphocyte is required for
tolerance induction. B-cell-deficient B6 hosts were reconstituted with B lymphocytes by
intravenous injection of 10 million splenocytes from normal B6 donors. B-lymphocyte-
deficient hosts were resistant to tolerance induction by anti-CD45RB (n=10, diamond), and
tolerance was restored by transfer of splenocytes from normal B6 donors (n=7, triangle;
P<0.001 vs. anti-CD45RB-treated B-deficient control). However, reconstitution with
ICAM-1-deficient cells (n=12, circle) was unable to restore tolerance induction.
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