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Abstract
Alloreactive memory T cells are present in virtually all transplant recipients due to prior
sensitization or heterologous immunity and mediate injury undermining graft outcome. In mouse
models, endogenous memory CD8 T cells infiltrate MHC-mismatched cardiac allografts and
produce IFN-γ in response to donor class I MHC within 24 hours post-transplant. The current
studies analyzed the efficacy of anti-LFA-1 mAb to inhibit early CD8 T cell cardiac allograft
infiltration and activation. Anti-LFA-1 mAb given to C57BL/6 6 (H-2b) recipients of A/J (H-2a)
heart grafts on days −1 and 0 completely inhibited CD8 T cell allograft infiltration, markedly
decreased neutrophil infiltration, and significantly reduced intra-graft expression levels of IFN-γ-
induced genes. Donor-specific T cells producing IFN-γ were at low/undetectable numbers in
spleens of anti-LFA-1 mAb treated recipients until day 21. These effects combined to promote
substantial prolongation (from day 8 to 27) in allograft survival. Delaying anti-LFA-1 mAb
treatment until days 3 and 4 post-transplant did not inhibit early memory CD8 T cell infiltration
and proliferation within the allograft. These data indicate that peri-transplant anti-LFA-1 mAb
inhibits early donor-reactive memory CD8 T cell allograft infiltration and inflammation
suggesting an effective strategy to attenuate the negative effects of heterologous immunity in
transplant recipients.

Introduction
Transplantation of MHC-mismatched organs induces a vigorous alloimmune response that
quickly mediates rejection of the graft unless checked by immunosuppression (1). In
response to antigen-presenting cells emigrating from the allograft, donor-reactive CD4 and
CD8 T cells are primed to develop to effector cells in secondary lymphoid organs. During
this priming the reactive T cells upregulate the integrins and chemokine receptors that direct
their trafficking to the allograft where they first interact with the graft vascular endothelium
and migrate through this barrier into the tissue parenchyma to express the effector functions
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that mediate tissue injury and rejection of the graft (2, 3). In clinical transplantation priming
of donor-reactive T cells is inhibited through the use of immunosuppressive drugs. Although
this has decreased acute rejection of solid organ grafts, the use of these drugs is
accompanied by nephrotoxicity that leads to renal tissue fibrosis, as well as increased
incidences of infection and tumors (4). These adverse effects indicate the need to identify
other strategies to inhibit the priming and/or function of donor-antigen reactive T effector
cells.

The requirement for T cell trafficking to the allograft for cell-mediated rejection has raised
the possibility of disrupting this trafficking as a strategy to prevent acute and chronic graft
tissue injury and prolong graft survival. Antagonism of specific chemokines or their
receptors that are expressed during rejection has, for the most part, been inefficient in
disrupting leukocyte trafficking and the progression of acute cell-mediated rejection (5–8).
In contrast, antagonism of integrin function has worked quite well. Lymphocyte function
associated antigen-1 (LFA-1) is a β2 integrin required for T cell arrest on the vascular
endothelium. Anti-LFA-1 antibodies are potent inhibitors of this arrest and T cell infiltration
into inflammatory sites (9). In addition, LFA-1 is a key component of the immunological
synapse and provides critical co-stimulatory signals during the activation of CD4 and CD8 T
cells during interaction with antigen-presenting cells (10–16). Graft recipient treatment with
anti-LFA-1 antibodies has been very effective in inhibiting acute rejection and prolonging
the survival of allografts in rodent models (17–22).

Recent interest in transplantation has focused on the presence and impact of memory T cells
with reactivity for donor antigens in candidate recipients prior to the transplant (23, 24).
These memory T cells are generated in response viral and bacterial infections and through
homeostatic proliferation (25–27). The presence of donor-reactive memory T cells in the
peripheral blood of patients prior to transplant has a negative impact on the incidence of
delayed graft function and long-term outcome of the allografts (28, 29). Studies in rodent
models and in non-human primates have demonstrated the ability of donor-reactive memory
T cells to subvert many immunosuppressive and tolerogenic strategies and promote rejection
of allografts (30–34). Studies from this laboratory have documented the infiltration of
endogenous effector memory CD8 T cells into class I MHC-mismatched cardiac allografts
within 24 hrs post-transplantation in mouse models (35, 36). Within the allograft these
memory CD8 T cells are activated to proliferate and to produce IFN-γ. Downstream
consequences of this IFN-γ production are increased infiltration and activation of
neutrophils in the allograft, which in turn, facilitate the recruitment of donor-antigen primed
effector T cells into the graft. Thus, the presence of donor-reactive memory T cells in
allograft recipients prior to transplant directly leads to graft injury and promotion of acute
rejection. Given the importance of such memory T cells in transplantation, several strategies
have been devised to attenuate their activity in graft recipients, including depletion with
anti-CD52 mAb (alemtuzumab) or with anti-thymocyte globulin (ATG) (37, 38).

One strategy that might be effective in neutralizing the adverse effects of early memory T
cell activation in response to allografts is to inhibit their infiltration into the graft. LFA-1 is
expressed on both T and B cells as well as on neutrophils and macrophages and its
expression is upregulated on effector and memory T cells (39–43). In the current study we
tested the ability of a short-course of peri-transplant anti-LFA-1 mAb to inhibit the early
infiltration and resulting inflammation mediated by memory CD8 T cells. The effects of this
treatment on donor-specific effector T cell priming and on the induction of donor-specific
antibody responses were also investigated. The results indicate that the short course
treatment with anti-LFA-1 mAb is extremely effective in inhibiting the early allograft
infiltration by memory CD8 T cells. In addition the treatment inhibits the priming of donor-
reactive effector T cells for several weeks resulting in prolonged allograft survival. The
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treatment, however, was ineffective at inhibiting the induction of donor-specific antibody or
its effects in a model of antibody-mediated graft rejection. The results indicate the efficacy
of a short course of anti-LFA-1 mAb in attenuating early memory CD8 T cell mediated
inflammatory events in allografts and in promoting allograft survival.

Materials and Methods
Mice

Colonies of C57BL/6 (H-2b) and A/J (H-2a) mice were purchased from Charles River
Laboratories (Wilmington, MA). B6.2C/RAG-1−/−, B6.CCR5−/− and B6.CCR5−/−/B6,
μMT−/− mice are maintained at our facility. Male mice, 8–10 weeks of age, were used in all
experiments and all procedures involving animals were approved by the Institutional Animal
Care and Use Committee at the Cleveland Clinic.

Cardiac transplantation and harvest
Heterotopic, intra-abdominal cardiac transplantation was performed following the method of
Corry and coworkers (44). Total operative times averaged 45 min and hearts resumed
spontaneous contraction immediately upon reperfusion. Graft survival was monitored by
abdominal palpation of the graft and rejection was confirmed by laparotomy. At the time of
graft harvest, the circulatory system was drained prior to removal of the heterotopic graft,
which was immediately snap-frozen in liquid nitrogen or placed in media for digestion and
purification of graft-infiltrating cells.

In vivo antibody treatments
Animals were treated on days −1 and 0 or on days 3 and 4 with 0.2 mg i.p. anti-LFA-1 mAb
(rat IgG2b, clone FD441.8 from Bio X Cell, West Lebanon, NH) or control rat IgG (Sigma-
Aldrich, St. Louis, MO). The dose of FD441.8 used was based on results from a limited
preliminary allograft survival study.

Flow cytometry
Flow cytometric detection of graft-infiltrating cells was performed using a modification of
the method published by Afanasyev and colleagues (45). Briefly, harvested tissues were
weighed and then incubated for 1 h at 37°C in RPMI with Type II collagenase (Sigma-
Aldrich). After incubation, tissue was pressed through a 40 μm filter and the collected cells
were washed twice in RPMI, counted using a hemocytometer, and stained for common
phenotypic surface markers (CD45, CD4, CD8, Gr1) using commercially available
antibodies (BD Bioscience, San Jose, CA; eBioscience, San Diego, CA). Flow cytometry
was performed using a FACSCalibur (BD Biosciences) cytometer and FlowJo analysis
software (Tree Star Inc., Ashland OR). The forward scatter and FL1 (CD45+) channels were
used to gate the leukocytes in the graft tissue followed by analysis of the specific leukocyte
populations. For each sample, 200,000 events were accumulated. Total numbers of each
leukocyte population were calculated by: (the total number of leukocytes in the sample
counted using the hemocytometer) × (% of the leukocyte population in the CD45+ cells by
flow cytometry)/100. The data are reported as number of each leukocyte population/mg graft
tissue.

For analysis of donor-reactive CD8 T cell proliferation in recipient spleens, H-2Ld reactive
CD8 T cells from 2C.RAG-1−/− mice were labeled with CFSE and aliquots of 106 cells were
transferred to C57BL/6 mice 3 days before cardiac transplantation with or without treatment
with anti-LFA-1 mAb. On day 7 post-transplant, aliquots of recipient spleen cells were
stained with clonotypic antibody 1B2 and anti-CD8 mAb and CFSE staining in the gated
double positive population was analyzed by histogram.
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RNA purification and qRT-PCR
Snap-frozen grafts were crushed, homogenized, and RNA was isolated using fibrous tissue
kits (Qiagen, Valencia, CA). Reverse transcription and real-time PCR were performed using
commercially available reagents, probes, and a 7500 fast real-time thermocycler, all from
Applied Biosystems (Foster City, CA).

ELISPOT
Donor-reactive T cells producing IL-2 and IFN-γ in the spleens of cardiac graft recipients
were enumerated by ELISPOT assay as previously detailed (35, 36). Briefly, splenic
responder cells and mitomycin C-treated self, donor and third-party stimulator cell
populations were cocultured for 24 h at 37°C in serum-free HL-1 media in 96 well plates
coated with anti-IFN-γ or anti-IL-2 capture mAb. To compare alloreactive CD4+ and CD8+

T cell priming, each cell population was purified from recipient spleen cell suspensions
using positive selection columns (R&D Systems, Minneapolis, MN) and then these purified
responder cells were stimulated with T cell depleted splenocytes from the graft donor or
recipient strain. After culture, all cells were washed from the plate and biotinylated anti-
IFN-γ or anti-IL-2 detecting mAb was added, followed by anti-biotin alkaline phosphatase.
After development with the chromagen, the total number of spots per well was quantified
using an ImmunoSpot Series 2 Analyzer (Cellular Technology Ltd., Shaker Heights, OH).

Immunohistochemistry
A midventricular portion of the cardiac graft was embedded in OCT compound (Sakura
Finetek USA) and immediately frozen in liquid nitrogen after harvest, and 6 μm thick
sections were prepared as previously described. Slides were stained with 10 μg/mL anti-
CD8 mAb (53–6.7) or anti-Ly-6G mAb (RB6–8C5) in PBS with 1% BSA for 1 h at room
temperature and then with biotinylated rat anti-rat IgG (Dako, Carpinteria, CA) diluted
1:100 in PBS with 1% BSA for 20 minutes at room temperature. The slides were developed
with DAB for color change and counterstained with hematoxylin. Sections were washed
with PBS followed by the addition of Vectashield to preserve fluorescence (Vector
Laboratories). Images were captured and analyzed with Image-Pro Plus (Media Cybernetics,
Silver Springs, MD). C4d staining was performed on methanol fixed tissue using polyclonal
rabbit antibody to C4d and a secondary peroxidase-conjugated goat anti-rabbit antibody
(Jackson ImmunoResearch Laboratories, West Grove, PA) (46).

Statistics
Graft survival between experimental groups was compared using Kaplan-Meier survival
curves and Log-rank statistics. For other experiments statistical analyses were performed
using the Mann–Whitney nonparametric test to analyze differences between experimental
groups. A p value < 0.05 was considered significant. Error bars reflect Standard Error from
the Mean for each group.

Results
Antagonism of LFA-1 decreases early inflammatory events in cardiac allografts

Previous studies from this laboratory have indicated intense infiltration of neutrophils and
donor-reactive memory CD8 T cells into cardiac allografts within 24–48 hours following
graft reperfusion and the activation of these leukocytes to express inflammatory functions in
the graft (36, 47, 48). The requirement for LFA-1 engagement for the infiltration of these
leukocytes into the allografts was tested by treating groups of C57BL/6 mice receiving
complete MHC-mismatched A/J cardiac allografts or isografts with or without anti-LFA-1
mAb on the day before and the day of transplant. The grafts were retrieved 48 hours after
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reperfusion and the number of graft infiltrating CD8 T cells, neutrophils and macrophages
was determined (Figure 1). As previously observed, infiltration of CD8 T cells into isografts
at 48 hrs post-transplant was near background/naïve levels whereas marked infiltration of
the CD8 T cells into allografts was observed. Treatment with anti-LFA-1 mAb decreased
CD8 T cell infiltration into allografts to the low-absent levels observed in native hearts from
naïve mice. Levels of neutrophil infiltration into allografts was 2–3 fold higher than into
isografts and this infiltration into both iso- and allo-grafts was decreased by peri-transplant
treatment with anti-LFA-1 mAb but was not reduced to the levels in native hearts from naïve
animals. Anti-LFA-1 mAb had no effect on macrophage infiltration into isografts and only
decreased macrophage infiltration into the allografts by about half.

Cardiac iso- and allo-graft levels of acute phase cytokines (TNFα, IL-1β, and IL-6) and
neutrophil (CXCL1/KC) and macrophage (CCL2/MCP-1) chemoattractants were not
significantly decreased in the grafts from anti-LFA-1 mAb vs. untreated recipients (Figure
2). In contrast, anti-LFA-1 mAb treatment decreased expression of genes associated with
memory CD8 T cell infiltration and activation in the allografts (IFN-γ, CXCL9/Mig,
CXCL10/IP-10, and ICOS) to the levels observed in native hearts from naïve mice.

Antagonism of LFA-1 prolongs cardiac allograft survival
Recipient treatment with anti-LFA-1 mAb on the day before and the day of transplantation
resulted in a marked prolongation of allograft survival when compared to control rat IgG
treated recipients, from a median survival of 7.5 days to 27 days (Figure 3). This
prolongation was accompanied by an almost complete absence in CD8 T cell and decreased
neutrophil infiltration into the allografts when examined at day 7 post-transplant, the time
when most of the allografts were rejected in the control IgG-treated recipients (Figure 4).
However, CD8 T cell and neutrophil infiltration into allografts of anti-LFA-1 mAb treated
recipients was apparent by day 21 post-transplant at similar levels to those observed during
allograft rejection in the control IgG-treated recipients.

Anti-LFA-1 mAb treatment decreases donor-reactive T cell priming
Since LFA-1/ICAM-1 interactions are important during T cell activation, the priming of
donor-reactive T cells in anti-LFA-1 mAb treated allograft recipients was also tested as a
potential mechanism of the prolonged allograft survival. First, unseparated spleen cells were
tested for numbers of donor-reactive cells producing IFN-γ by ELISPOT assay at several
different time points post-transplant in untreated and anti-LFA-1 mAb treated cardiac
allograft recipients. Whereas high numbers of donor-reactive cells producing IFN-γ were
observed in the spleens of control recipients on days 7 and 14 post-transplant, these cells
were undetectable at these time points in the anti-LFA-1 mAb treated recipients and were
only detectable at low numbers on day 21 post-transplant (Figure 5). Similar results were
observed when CD4 and CD8 T cells were purified from recipient spleen cell suspensions
and tested for numbers of donor-reactive cells producing IFN-γ (Figure 5).

Delayed treatment with anti-LFA-1 mAb does not prevent endogenous memory CD8 T cell
infiltration into allografts

The results to this point indicated inhibitory effects of anti-LFA-1 mAb on the infiltration of
memory CD8 T cells into MHC-mismatched cardiac allografts as well as on the priming of
donor-reactive CD4 and CD8 T cells, both, which are likely to contribute to the prolonged
allograft survival observed. To attempt to distinguish the impact of LFA-1 antagonism on
the infiltration of memory CD8 T cells and development of donor-specific T cells to IFN-γ
producing cells in the recipient spleen, cardiac allograft recipients were treated with anti-
LFA-1 mAb on days 3 and 4 post-transplant, times when the priming of the donor-reactive T
cells in the recipient spleen has presumably been initiated. Treatment with anti-LFA-1 mAb
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delayed rejection to 15 days but was not as effective as treatment at day −1 and 0 (Figure 3).
Consistent with this prolonged allograft survival, the delay of anti-LFA-1 mAb treatment
until day 3 and 4 post-transplant still inhibited the development of donor-reactive CD4 and
CD8 T cells to IFN-γ producing cells when tested on day 7 post-transplant (Figure 6). In
contrast to the inhibition of donor-reactive T cell development in recipients given anti-
LFA-1 mAb on days −1 and 0, however, these T cells were apparent at near the levels
observed in untreated recipients by day 14 post-transplant (Figure 6). Examination of
allografts harvested from recipients treated with anti-LFA-1 mAb on days 3 and 4 post-
transplant indicated intense CD8 T cells and neutrophil infiltration into the allografts at day
7 post-transplant (data not shown).

To further investigate effects of anti-LFA-1 mAb given on days 0 and −1 vs. on days 3 and
4 on the priming and functional development of donor-reactive T cell priming, two
approaches were taken. First, the induction of donor-specific T cells producing IL-2 on day
7 post-transplant was tested using ELISPOT analyses (Figure 7). Cardiac allograft recipients
treated with anti-LFA-1 mAb on days −1 and 0 had low levels of T cells producing IL-2 in
cultures stimulated with allograft donor and third-party allogeneic stimulators that were
similar to those observed in spleens from naïve animals. In contrast, recipients treated with
anti-LFA-1 mAb on days 3 and 4 had similar numbers of donor-reactive T cells producing
IL-2 as control IgG treated recipients. As a second approach, transgenic A/J-reactive 2C
CD8 T cells were labeled with CFSE and transferred to C57BL/6 mice that then received A/
J cardiac allografts two days later. The recipients were treated with control IgG or anti-
LFA-1 mAb on days −1 and 0 or with anti-LFA-1 mAb on days 3 and 4 post-transplant. On
day 7 post-transplant the proliferation of the 2C cells was assessed (Figure 8). Robust
proliferation of the 2C cells was observed in allograft recipients that were treated with
control IgG and this proliferation was absent in recipients treated with anti-LFA-1 mAb on
days −1 and 0 as well as in recipients of isografts. In contrast, proliferation of the 2C cells in
allograft recipients treated with anti-LFA-1 mAb on days 3 and 4 post-transplant was similar
to that observed in the control IgG -treated allograft recipient. Overall, the results indicated
that anti-LFA-1 mAb given at the time of transplant inhibited the development of donor-
reactive T cells to IL-2 and to IFN-γ producing cells whereas delay of anti-LFA-1 mAb
treatment to days 3 and 4 post-transplant did not affect donor-reactive T cell priming to IL-2
producing cells but did delay further development to IFN-γ producing cells.

LFA-1 antagonism does not inhibit donor-reactive antibody production
The ability of a short course of anti-LFA-1 mAb given at the time of transplant to inhibit
early inflammatory events and donor-reactive T cell priming led us to ask if such treatment
would also be effective in inhibiting the induction of donor-reactive antibody responses.
Previous studies from this lab have demonstrated the dysregulated antibody responses
produced in B6.CCR5−/− recipients of MHC-mismatched cardiac and renal allografts and
the resulting antibody-mediated rejection of the allografts (5, 49). Therefore, groups of
B6.CCR5−/− mice were treated with control IgG or anti-LFA-1 mAb on days −1 and 0 and
received MHC-mismatched cardiac allografts. Unlike the marked delay of T cell mediated-
rejection observed in wild-type recipients, treatment of B6.CCR5−/− allograft recipients with
anti-LFA-1 mAb only extended graft survival 3–4 days (Figure 9A). Treatment with anti-
LFA-1 mAb did not diminish the titers of donor-specific antibody induced in the CCR5-
deficient allograft recipients (data not shown) using a previously reported flow based assay
to determine serum donor-reactive antibody titers (5). Histological examination of rejecting
allografts indicated no decrease in cell infiltration into the allografts in CCR5−/− recipients
treated with anti-LFA-1 mAb on days −1 and 0 post-transplant and no decrease in C4d
deposition in the rejected allografts (Figure 9B).
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To directly test the effects of LFA-1 antagonism on antibody- vs. T cell-mediated rejection
in CCR5−/− recipients, groups of B6.μMT−/−/CCR5−/− recipients of the MHC-mismatched
cardiac allografts were treated with or without anti-LFA-1 mAb on days −1 and 0 post-
transplant. In contrast to the absence of an effect on allograft survival in B6.CCR5−/−

recipients treated with anti-LFA-1 mAb, treatment of recipients that cannot make antibody
(B6.μMT−/−/CCR5−/− mice) resulted in a marked extension of cardiac allograft survival
(Figure 9A).

Discussion
Early models of immune responses to allografts proposed that acute rejection was mediated
by donor-reactive T cells primed from naïve precursor cells by donor- and recipient-derived
antigen-presenting cells (50). Following development to effector cells, the T cells were
recruited to the allograft and activated by the donor alloantigens to express the effector
functions mediating graft tissue injury and rejection. It is now appreciated that memory T
cells generated in response to viruses, bacteria, and lymphopenic environments can be
reactive with allogeneic class I and class II MHC molecules and that such memory T cells
have a detrimental effect on the outcome of an allograft (25–27, 30, 51). In clinical studies,
the pre-transplant presence of donor-reactive T cells producing IFN-γ predicts poor renal
allograft outcome (28, 29). In support of the detrimental effect of this heterologous
immunity on allograft survival, the activities of effector memory CD8 T cells generated in
response to virus infection accelerate rejection of skin and cardiac allografts in rodent
models (30, 33). Recent studies from this laboratory have demonstrated the infiltration of
endogenous CD8 T cells with an effector memory phenotype into MHC-mismatched cardiac
allografts within 24 hours of the transplant in mice (35, 36). The infiltrating memory CD8 T
cells are activated by graft class I MHC molecules to proliferate and produce IFN-γ. This
endogenous memory CD8 T cell induced inflammation plays a role in acute rejection by
promoting the recruitment of effector T cells primed from naïve precursors. Thus, mice
housed in cages with environmentally restricted exposure may have fewer endogenous
effector CD8 memory T cells than adult humans but these T cells are clearly present in
housed mice and are a factor in the rejection of solid organ allografts. An important goal of
this and many laboratories has been to develop strategies to neutralize the infiltration and/or
activities of these effector CD8 memory T cells.

Since memory T cells express high levels of LFA-1 (41, 43), we tested the efficacy of a
short-course of peri-transplant monotherapy with anti-LFA-1 mAb in disrupting early post-
transplant activity of endogenous memory CD8 T cells in response to MHC-mismatched
cardiac grafts. This strategy was found to be extremely effective in inhibiting the infiltration
of these memory CD8 T cells into the cardiac allografts and was accompanied by the
absence of T cell-derived cytokine production in the allografts. One of the inflammatory
mechanisms mediated by IFN-γ is the increased infiltration and activation of neutrophils
into the allografts vs. that observed in isografts (48). In contrast to the almost complete
inhibition of CD8 T cell infiltration into the cardiac allografts, peri-transplant treatment with
anti-LFA-1 mAb decreased neutrophil infiltration to levels observed in the isografts. This is
consistent with our previous results that neutrophils are initially recruited into cardiac iso-
and allo-grafts through innate immune mechanisms that are independent of the memory
CD8 T cells and that the activation of the CD8 T cells amplifies the infiltration and
activation of neutrophils to mediate tissue injury within the allograft (48, 52).

In addition to abrogating the infiltration of the memory CD8 T cells into the allografts, the
short course of anti-LFA-1 mAb treatment was also very effective in inhibiting the priming
of donor-reactive CD4 and CD8 T cells in peripheral lymphoid organs. Studies from many
laboratories have reported the inhibition of antigen-specific CD4 or CD8 T cell priming by
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anti-LFA-1 antibodies (10, 12, 15, 16). When given the day before and the day of cardiac
allograft transplantation, the anti-LFA-1 mAb inhibited priming of donor-reactive CD4 and
CD8 T cells to IL-2- and to IFN-γ-producing cells until about day 21 post-transplant and
was associated with the absence of cell infiltration into the allografts until that time when the
grafts began to experience rejection. These results suggest that effector T cell priming from
naïve donor-reactive T cell precursors is inhibited until the time near the observation of
rejection and that the inhibitory effect of the anti-LFA-1 mAb is not just restricted to the
inhibited development of the T cells to IFN-γ producing cells. Interestingly, waiting until
day 3 and 4 post-transplant to initiate administration of the anti-LFA-1 mAb also inhibited
the appearance of donor-reactive CD4 and CD8 T cells producing IFN-γ but did not inhibit
donor-reactive T cell priming to IL-2 producing cells when assessed at day 7 post-transplant.
Furthermore, proliferation of donor-reactive CD8 T cells in the allograft recipient spleen
was almost completely absent in the spleens of allograft recipients treated with anti-LFA-1
mAb at the time of transplant whereas the delayed treatment with anti-LFA-1 mAb did not
inhibit the proliferation of these T cells. These results are consistent with recent studies
indicating that the initial activation of antigen-reactive T cells with antigen-presenting
dendritic cells results in an initial activation of the T cells to produce IL-2 and undergo
clonal expansion and that subsequent interactions with the antigen-presenting dendritic cells
is required for development of the activated T cells to particular functional phenotypes such
as IFN-γ or IL-17 production (53–56). The implication of these results is that the use of anti-
LFA-1 mAb may limit or arrest the functional development of T cells during an ongoing
alloimmune response as well as inhibiting infiltration of primed effector T cells into the
allograft.

Recent results from this lab have shown the early infiltration of memory T cells into the
allografts and their rapid activation to proliferate and to produce IFN-γ (35, 36). ICOS
interactions are required for activation of the memory CD8 T cells to express effector
function within the allograft but not to infiltrate the graft and undergo proliferation. It is
worth noting the presence at day 7 post-transplant of many CD8 T cells in the allografts of
recipients treated with anti-LFA-1 mAb on days 3 and 4. In addition, the levels of IFN-γ
mRNA in the allografts from recipients treated with the delayed anti-LFA-1 mAb are similar
to those observed in allografts from control treated recipients on day 7 post-transplant
indicating the activation of the infiltrating CD8 T cells (data not shown). Since this
proliferation occurs within the first 1–3 days post-transplant, it is likely that the majority of
CD8 T cells in the allograft at day 7 in these anti-LFA-1 mAb treated recipients are derived
from these endogenous memory CD8 T cells. These results suggest that the anti-LFA-1
mAb may have no obvious effect on the presence or activity of the memory CD8 T cells
once they infiltrate the allograft and begin to proliferate within the graft.

Peri-transplant treatment with anti-LFA-1 mAb was not effective in inhibiting anti-donor
antibody responses and allograft rejection in CCR5−/− recipients. LFA-1 expression on B-
lymphocytes has been reported and in vitro studies have indicated the ability of anti-LFA-1
antibodies to inhibit B cell activation to produce antibody through direct and indirect means
(39, 40, 42, 57). Furthermore, studies have indicated the ability of anti-LFA-1 mAb given
with additional immunosuppressive agents to inhibit the generation of antibody responses in
vivo including in response to xeno- and allo-grafts (19, 57, 58). The current studies tested
the effects of the anti-LFA-1 mAb in a model of antibody-mediated rejection in CCR5-
deficient recipients where rapid rejection of the allograft is dependent on the anti-donor
antibody produced (5, 49). Although the antibody response to allografts is dysregulated in
CCR5−/− recipients, the generation of the antibody response in these recipients is dependent
on CD4 T helper cells. Similar to the efficacy in treated wild-type allograft recipients, peri-
transplant anti-LFA-1 mAb did prolong allograft survival in μMT−/−/CCR5−/− recipients
that are unable to produce antibodies. These results indicate the ability of peri-transplant
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treatment with anti-LFA-1 mAb to inhibit the induction of cell- but not antibody-mediated
allograft rejection. The results further suggest that LFA-1 function may not be as critical for
the activation and/or function of T follicular helper cells and further studies are warranted to
directly test this. In addition, the results indicate that the use of anti-LFA-1 antibody therapy
may not be an effective immunosuppressive strategy to prevent anti-donor antibody
responses in sensitized patients with high panel reactive antibody (PRA).

The results of this study have demonstrated that the consequences of a short course of anti-
LFA-1 mAb given at the time of the cardiac transplant are a marked inhibition of
endogenous memory CD8 T cell infiltration into the allograft, inhibition of donor-reactive T
cell priming from naïve precursors for approximately three weeks, and a marked
prolongation in allograft survival. Clinical studies have demonstrated the efficacy of a
humanized IgG1 anti-LFA-1 mAb, efalizumab, for treatment of psoriasis (59, 60). A low
dose of efalizumab in conjunction with a steroid-free immunosuppressive strategy was
recently found to be effective in promoting long-term survival of clinical islet grafts and
insulin independence of the treated patients (61). This antibody was also recently tested in a
phase I/II clinical trial in 38 renal transplant patients where the antibody was given weekly
at either a high (2 mg/kg) or low (0.5 mg/kg) dose for 12 weeks post-transplant with
standard triple immunosuppression and was found to be effective in prolonging survival of
the grafts (62). However, in the high dose anti-LFA-1 mAb treatment arm of the renal
transplant patients who were also treated with a full dose of cyclosporine A, 3 of 9 patients
developed post-transplant lymphoproliferative disease whereas there was no occurrence of
this disease in the low dose efalizumab or in lower dose cyclosporine A treatment arms.
These results indicate an increased chance of PTLD occurrence when anti-LFA-1 mAb is
used in conjunction with high levels of standard immunosuppression. In spite of its clinical
effectiveness, the occurrence of progressive multifocal myeloencephalopathy (PML) in 4 of
more than 40,000 psoriatic patients treated with efalizumab prompted removal of the
antibody for clinical use in 2009. The results of the current study indicate the effectiveness
of short, peri-transplant administration of anti-LFA-1 mAb in promoting graft survival and
suggest that anti-LFA-1 mAb may not have to be given on a chronic basis to yield beneficial
effects in preventing the adverse effects of endogenous memory T cells and donor-reactive T
cell priming in transplant recipients.
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Figure 1. Anti-LFA-1 mAb inhibits memory CD8+ T cell infiltration into cardiac allografts
Groups of C57BL/6 mice (3–5/per group) were treated with or without 200 μg anti-LFA-1
mAb on days −1 and 0 and then received syngeneic or complete MHC mismatched A/J
cardiac allografts on day 0. Grafts were harvested 48 h post-transplant, digested, and graft-
infiltrating cells were analyzed by antibody staining and flow cytometry to determine the
numbers of graft-infiltrating CD8 T cells, neutrophils and macrophages. *p ≤ 0.05.

Setoguchi et al. Page 14

Am J Transplant. Author manuscript; available in PMC 2011 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Intragraft cytokine and chemokine mRNA expression in cardiac allografts from
untreated vs. anti-LFA-1 mAb treated recipients
Groups of C57BL/6 mice (3–5/per group) were treated with or without 200 μg anti-LFA-1
mAb on days −1 and 0 and then received syngeneic or complete MHC mismatched A/J
cardiac allografts on day 0. Grafts were harvested 48 h post-transplant, whole cell RNA was
isolated from graft homogenates, and quantitative real-time PCR was used to measure
expression levels of mRNA encoding the indicated cytokines and chemokines. *p ≤ 0.05;
n.s. not significantly different.
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Figure 3. Short term, peri-transplant treatment with anti-LFA-1 mAb prolongs cardiac allograft
survival
Groups of C57BL/6 mice (4–5/per group) were treated with 200 μg control IgG or with anti-
LFA-1 mAb either on days −1 and 0 or on days 3 and 4. The treated mice received
syngeneic or complete MHC mismatched A/J cardiac allografts on day 0 and graft survival
was followed daily by abdominal palpation and rejection confirmed by laparotomy. *p <
0.05 vs. allograft survival in all other groups.
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Figure 4. Histological evaluation of cardiac allografts from control Ig and anti-LFA-1 mAb
treated recipients
Cardiac allografts were harvested at the indicated times post-transplant from recipients
treated with control rat IgG or with anti-LFA-1 mAb on days −1 and 0. Prepared sections
were stained with hematoxylin-eosin or with CD8- and Ly–6G-specific antibodies for
immunohistochemical analyses. Sections shown are representative of 3–4 grafts analyzed in
each group. Magnification, 200x.
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Figure 5. Peritransplant anti-LFA-1 mAb inhibits donor-reactive CD8+ and CD4+ T cell
development to IFN-γ producing cells
C57BL/6 mice were treated with or without 200 μg anti-LFA-1 mAb on days −1 and 0 and
then received complete MHC mismatched A/J cardiac allografts on day 0. On the indicated
day post-transplant, aliquots of unseparated spleen cells, enriched CD4+ or enriched CD8+ T
cells from the recipients were cultured overnight with syngeneic or donor stimulator cells on
anti-IFN-γ mAb coated filters. Numbers of donor-reactive T cells producing IFN-γ were
determined by ELISPOT. Numbers of spots in co-cultures with syngeneic stimulators were
always < 3 spots/5 × 105 stimulator cells. The data shown are representative of two
independent experiments.
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Figure 6. Treatment with anti-LFA-1 mAb on days 3 and 4 post-transplant inhibits donor-
reactive CD8+ and CD4+ T cell development to IFN-γ producing cells
C57BL/6 mice were treated with or without 200 μg anti-LFA-1 mAb on days 3 and 4 and
then received complete MHC mismatched A/J cardiac allografts on day 0. (A) On days 7
and 14 post-transplant, aliquots of unseparated spleen cells, enriched CD4+ or enriched
CD8+ T cells from the recipients were cultured overnight with syngeneic or donor stimulator
cells on anti-IFN-γ mAb coated filters. Numbers of donor-reactive T cells producing IFN-γ
were determined by ELISPOT. Numbers of spots in co-cultures with syngeneic stimulators
were always < 3 spots/5 × 105 stimulator cells. The data shown are representative of two
independent experiments. (B) On day 7 post-transplant cardiac allografts were harvested
from recipients treated with anti-LFA-1 mAb on days 3 and 4 and prepared sections were
stained with hematoxylin-eosin or with CD8-specific antibodies for immunohistochemical
analyses. Sections shown are representative of 3–4 grafts analyzed in each group.
Magnification, 200x.
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Figure 7. Peri-transplant anti-LFA-1 mAb but not treatment on days 3 and 4 inhibits donor-
reactive T cell priming to IL-2 producing cells
C57BL/6 mice were treated with 200 μg control IgG or with anti-LFA-1 mAb either on days
−1 and 0 or on days 3 and 4. The treated mice received syngeneic or complete MHC
mismatched A/J cardiac allografts on day 0. On day 7, aliquots of splenic T cells from the
recipients were cultured overnight with syngeneic, A/J donor, or third-party DBA/1
stimulator cells on anti-IL-2 mAb coated filters. Numbers of T cells producing IL-2 were
determined by ELISPOT. The data shown are representative of two independent
experiments.
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Figure 8. Peri-transplant but not delayed anti-LFA-1 mAb inhibits the proliferation of donor-
reactive CD8 T cells in the recipient spleen
Ld-reactive 2C TCR transgenic CD8 T cells were labeled with CFSE and 2 × 106 aliquots
were transferred into groups of wild-type C57BL/6. Two day after the 2C cell transfer, the
C57BL/6 mice received syngeneic or Ld-expressing A/J cardiac allografts. The allograft
recipients were treated with 200 μg control rat IgG or anti-LFA-1 mAb either on days −1
and 0 or on days 3 and 4. On day 7 post-transplant recipient spleen cell suspensions were
prepared, stained with anti-CD8 and 1B2 mAb, and analyzed by flow cytometry. The gated
CD8+1B2+ 2C cells were analyzed for expression of CFSE in the FL1 channel to assess
proliferation of the donor-reactive T cells. The data shown are representative of two
independent experiments.
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Figure 9. Anti-LFA-1 monotherapy does not induce long-term allograft survival in CCR5−/−

recipients
Groups of 4–5 B6.CCR5−/− or B6.μMT−/−/CCR5−/− mice were treated with 200 μg control
rat IgG or with anti-LFA-1 mAb on days −1 and 0. (A) The treated mice received complete
MHC mismatched A/J cardiac allografts on day 0 and graft survival was followed daily by
abdominal palpation and rejection confirmed by laparotomy. p < 0.05 vs. survival in control
IgG CCR5−/− and vs. untreated μMT−/−/CCR5−/− recipients. (B) Prepared sections were
stained with hematoxylin-eosin or with C4d-specific antibodies for immunohistochemical
analyses. Sections shown are representative of 3–4 grafts analyzed in each group.
Magnification, 200x.
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