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Abstract
Endogenous memory CD8 T cells infiltrate MHC-mismatched cardiac allografts within 12–24
hours post-transplant in mice and are activated to proliferate and produce IFN-γ. To more
accurately assess the graft injury directly imposed by these endogenous memory CD8 T cells, we
took advantage of the ability of anti-LFA-1 mAb given to allograft recipients on days 3 and 4
post-transplant to inhibit the generation of primary effector T cells. When compared to grafts from
IgG treated recipients on day 7 post-transplant, allografts from anti-LFA-1 mAb treated recipients
had increased numbers of CD8 T cells but these grafts had marked decreases in expression levels
of mRNA encoding effector mediators associated with graft injury and decreases in donor-reactive
CD8 T cells producing IFN-γ. Despite this decreased activity within the allograft, CD8 T cells in
allografts from recipients treated with anti-LFA-1 mAb continued to proliferate up to day 7 post-
transplant and did not upregulate expression of the exhaustion marker LAG-3 but did have
decreased expression of ICOS. These results indicate that endogenous memory CD8 T cells
infiltrate and proliferate in cardiac allografts in mice but do not express sufficient levels of
functions to mediate overt graft injury and acute rejection.
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Introduction
The high frequency of T cells directly reactive to allogeneic MHC molecules underlies the
potent alloimmune response to MHC-mismatched allografts that necessitates the need for
immunosuppression to inhibit development of the primary donor-reactive T cell response.
Many transplant patients harbor a repertoire of memory T cells that are reactive to
allogeneic MHC molecules, generating an additional problem for increased risk of rejection
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and limiting the available donor pool for a transplant (1–4). Such patients can become
sensitized to allogeneic MHC molecules through prior transplants, blood transfusions, and
for female patients, multiple pregnancies (5, 6). When compared to primary effector T cells
that develop in response to allograft-derived antigen-presenting cells, memory T cells
reactive to donor MHC molecules present a substantial problem in transplantation as they
have a lower threshold for activation, are not dependent on CD28-mediated costimulation,
and traffic more rapidly to the allograft (5–7).

It is now recognized that memory T cells reactive to allogeneic MHC molecules also
develop during immune responses to various antigens to which the transplant candidate has
been previously exposed. Such heterologous immunity can be induced by viral and bacterial
infection as well as to other exogenous antigen exposure, including vaccination, resulting in
repertoires of foreign peptide/self MHC-specific memory T cells that cross-react with
various allogeneic peptide/MHC complexes (7, 8). Seminal studies by Adams and
coworkers (9) used a mouse model to demonstrate that viral infection generated memory
CD8 T cells that reacted with allogeneic class I MHC molecules and the presence of these
memory T cells in heart allograft recipients expressing those allogeneic class I MHC
molecules promoted graft rejection despite recipient conditioning with a tolerance-inducing
strategy. Many examples of the impact of memory CD8 T cells induced by viral infection on
graft outcome in rodent models have now been reported (10–12). In clinical renal transplant
patients and in non-human primate recipients of renal allografts, the presence of endogenous
memory CD8 T cells with reactivity to allogeneic class I MHC molecules has also been
shown to correlate with more frequent acute rejection episodes and poorer graft outcome (1,
3, 13, 14). While the problem of endogenous memory CD8 T cells reactive to donor class I
alloantigens is now well appreciated, mechanisms underlying graft injury directly mediated
by endogenous memory CD8 T cells remain poorly understood.

Previous studies from this laboratory indicated endogenous memory CD8 T cell infiltration
into MHC-mismatched heart allografts in mice within 12–24 hours after reperfusion of the
graft (15, 16). These endogenous memory CD8 T cells are reactive to allogeneic class I
MHC molecules of the graft and are rapidly activated to proliferate and to produce IFN-γ
within the allograft. This endogenous memory CD8 T cell infiltration and activation within
the allograft is not dependent on CD28- or CD154-mediated costimulation or on the activity
of CD4 T cells. The impact of endogenous memory CD8 T cell activation within the
allograft is increased neutrophil infiltration and activation with increased graft tissue
inflammation that promotes the infiltration of effector CD4 and CD8 T cells into the
allograft following their priming to donor antigens in the recipient spleen on days 4–5 post-
transplant. It is important to note our detection of CD4 T cells infiltrating the allografts at
early times post-transplant as well, but these CD4 T cells are not responsible for the IFN-γ
production or increased neutrophil infiltration observed for the first 1–3 days after graft
reperfusion (15–17). During a recent study investigating potential strategies to inhibit
endogenous memory CD8 T cell infiltration into MHC-mismatched allografts, we observed
that peri-transplant treatment with anti-LFA-1 mAb was particularly effective in inhibiting
endogenous memory CD8 T cell and neutrophil infiltration into complete MHC-mismatched
cardiac allografts (18). This treatment also inhibited the priming of donor-reactive effector
CD4 and CD8 T cells until after day 20 post-transplant resulting in extended allograft
survival from day 8 in control treated recipients to 25–40 days. Delay of anti-LFA-1 mAb
administration to days 3 and 4 post-transplant delayed the functional development of
primary effector T cells to IFN-γ producing cells until day 14 post-transplant and the
allografts were rejected around this time (18). These results led us to reason that this delayed
administration of anti-LFA-1 mAb strategy would allow us to test the impact of endogenous
memory CD8 T cells infiltrating the allograft prior to initiation of anti-LFA-1 mAb
administration without the complication of primary effector T cell activity.
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Materials and Methods
Mice

Colonies of C57BL/6 (H-2b) and A/J (H-2a) mice were purchased from Charles River
Laboratories (Wilmington, MA). 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 (19). Total operative times averaged 40 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 either on days −1 and 0 or on days 3 and 4 i.p. with 200 μg 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 and a previously reported study (18). Groups of
mice were treated with 1 mg anti-CD4 mAb GK1.5 or 250 μg anti-CD154 mAb MR1 on
days 0 and +1.

Flow cytometry
Flow cytometric detection of graft-infiltrating cells was performed using a modification of
the method published by Afanasyev and colleagues (20). Briefly, harvested graft tissues
were weighed and 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, CD44, CD62L, Gr1, and F4/80) 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 specific leukocyte populations. For each sample, 200,000 gated events were accumulated.
Total numbers of each leukocyte population were calculated by: (the total number of
leukocytes in the sample counted using the hemocytometer) x (% 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.

Aliquots of graft infiltrating cells were stained with antibodies to CD8 and to LAG-3 or
ICOS (both eBioscience) to assess expression of these markers on the gated CD8 T cells. To
assess proliferation of the graft infiltrating cells, graft recipients were injected with 1 mg
BrdU (Sigma Aldrich) i.p. on the day before graft harvest. Following preparation of the graft
infiltrating cell suspensions, aliquots were stained with anti-CD8 and anti-BrdU antibody
(BD Bioscience) and incorporation of the BrdU was tested on gated CD8 T cells.
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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 IFN-γ in cardiac allografts were enumerated by ELISPOT
assay as previously detailed (15, 16). Briefly, harvested graft tissues were digested as above
and graft-infiltrating CD8 T cells were positively selected using magnetic beads (Stem Cell
Technologies, Vancouver, BC). Aliquots of the isolated CD8 T cells were cultured with
mitomycin C-treated donor stimulator cells for 24 h at 37°C in serum-free HL-1 media in 96
well plates coated with capture anti-IFN-γ mAb. After culture, the cells were washed from
the plate and detecting biotinylated anti-IFN-γ mAb was added, followed by anti-biotin
alkaline phosphatase, and 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. Images were captured and
analyzed with a Nikon Eclipse 55i and NIS Elements BR (Nikkon, Melville, NY). C4d
staining was performed on acetic methanol (60% methanol, 10% acetic acid) 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 (SEM) for each group.

Results
Delayed treatment with anti-LFA-1 mAb does not inhibit memory CD8 T cell infiltration into
cardiac allografts

Peri-transplant treatment with anti-LFA-1 mAb on days −1 and 0 extended complete MHC-
mismatched cardiac allograft survival from day 7–8 in control IgG-treated recipients to day
20–40, whereas delayed treatment with anti-LFA-1 mAb on days 3 and 4 post-transplant had
a more modest effect in prolonging allograft survival to day 13–17 (18). Despite strong
beating at day 7 post-transplant, allografts from recipients treated with anti-LFA-1 mAb on
days 3 and 4 had intense infiltration of CD8 T cells similar to that observed in rejecting
allografts from the control IgG-treated recipients (Figure 1). The infiltration of various
leukocyte populations into isografts and allografts on day 7 post-transplant in recipients
treated with control IgG or anti-LFA-1 mAb was directly assessed by digesting harvested
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grafts to prepare single cell suspensions and staining aliquots of the cells and flow cytometry
to determine the numbers of infiltrating cell populations per mg of graft tissue. As
previously observed (18), administration of anti-LFA-1 mAb on days −1 and 0 caused
marked decreases in the infiltration of neutrophils, macrophages and CD8 T cells into
complete MHC-mismatched cardiac allografts when assessed at day 7 post-transplant
(Figure 2A). In contrast, administration of anti-LFA-1 mAb on days 3 and 4 post-transplant
consistently resulted in slightly higher numbers of CD8 T cells in allografts on day 7 post-
transplant than were observed in allografts from control IgG-treated recipients. There were
also increases in CD4 T cells and macrophages infiltrating the allografts in recipients treated
with anti-LFA-1 mAb on days 3 and 4 post-transplant when compared to allografts from
control IgG-treated recipients. However, a striking decrease of neutrophils in allografts from
recipients treated with anti-LFA-1 mAb on days 3 and 4 was observed when compared to
allografts from the control treated recipients and these decreased numbers were similar to
those observed in allografts from recipients treated with anti-LFA-1 mAb on days −1 and 0.
The graft infiltrating CD8 T cells were also stained with antibodies to assess expression of
CD44 and CD62L to distinguish naïve (CD62LhighCD44low) from central memory
(CD62LhighCD44high) and effector/memory (CD62LlowCD44high) T cell phenotypes. More
than 90% of the CD8 T cells in the allografts from recipients treated with control IgG or
anti-LFA-1 mAb on days 3 and 4 post-transplant were of the effector/memory phenotype
and less than 1.0% were of a naïve phenotype (Figure 2B and C). In addition, there were low
numbers of CD62LhighCD44high central memory phenotype CD8 T cells in the allografts
from each group.

Despite the increased numbers of CD8 T cells in allografts from recipients treated with anti-
LFA-1 mAb on days 3 and 4, there was decreased expression of mRNA encoding
inflammatory mediators and effector memory T cell functions in the allografts on day 7
post-transplant (Figure 3). When compared to levels expressed during acute cell mediated
rejection of allografts by control IgG-treated recipients, there were significant decreases in
the expression of the neutrophil chemoattractant CXCL2 (p ≤ 0.02) and the T cell effector
molecules perforin, and ICOS (p ≤ 0.01), as well as marked but statistically insignificant
decreases in IFN-γ, FasL, and granzyme B. Expression levels of CXCL1, TNFα and FoxP3
were not significantly different from the levels detected in allografts from control IgG
treated recipients. The low number of neutrophils in the allografts of recipients treated with
anti-LFA-1 mAb either on days −1 and 0 or on days 3 and 4 was reflected by the low
amount of myeloperoxidase protein in the allografts on day 7 post-transplant (Figure 4).

Endogenous memory CD8 T cells within allografts of recipients treated with anti-LFA-1
mAb do not express ICOS

Our previous studies indicated the activation and proliferation of endogenous memory CD8
T cells within MHC-mismatched cardiac allografts between days 1–3 post-transplant (15), a
time prior to the administration of anti-LFA-1 mAb on days 3 and 4. Therefore, increases in
CD8 T cells within the allograft from day 3 to day 7 were tested as an indication of memory
CD8 T cell expansion within the graft. On day 3 post-transplant the numbers of CD8 T cells
in the allografts were 3–4 fold higher than those observed in isografts (Figure 5a). By day 7
post-transplant, however, CD8 T cell numbers in allografts from anti-LFA-1 mAb-treated
recipients were increased further than those observed in allografts from control IgG treated
recipients. In contrast to the allograft infiltrating CD8 T cells, the numbers of neutrophils in
allografts in anti-LFA-1 mAb treated recipients had decreased to background levels by day 7
when compared to the numbers observed infiltrating the allografts on day 3, prior to anti-
LFA-1 mAb treatment on days 3 and 4.

Our previous studies reported that allograft recipient treatment with anti-LFA-1 mAb on
days 3 and 4 inhibited the development of donor-reactive CD4 and CD8 T cells to IFN-γ–
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but not to IL-2-producing cells when assessed on day 7 post-transplant (18). This raised the
possibility that the increased number of CD8 T cells observed in the allografts from these
recipients might be due to the infiltration of IL-2-producing CD8 T cells that developed
from donor-reactive naïve precursor cells. Therefore, we repeated the experiment but
included an additional group of recipients treated with anti-LFA-1 mAb on each day from
day 3 to 6 post-transplant in order to inhibit graft infiltration of any leukocyte population
within this treatment time frame. The results indicated that treatment with anti-LFA-1
antibody every day from days 3 to 6 resulted in further increases in CD8 T cell numbers in
the allografts when compared to numbers in allografts from recipients treated with the
antibody on days 3 and 4 (Figure 5B). As an indication of the efficacy of the approach,
treatment with anti-LFA-1 mAb on days 3–6 resulted in decreased F4/80+ cell (i.e.
macrophage) infiltration into the allograft when compared to the numbers in allografts from
recipients treated with anti-LFA-1 mAb only on days 3 and 4.

Groups of iso- and allo-graft recipients were injected with BrdU on either day 2 or 6 and the
day after the injection the grafts were harvested, digested and single cell suspensions were
prepared and aliquots stained with anti-BrdU and anti-CD8 antibodies for flow cytometry
analysis to assess CD8 T cell uptake of BrdU as a measure of proliferation within the graft.
On day 3 post-transplant, the level of CD8 T cell proliferation was similar in iso- and in
MHC-mismatched allografts (Figure 6A and 6B). On day 7 post-transplant the numbers of
proliferating CD8 T cells were increased from that observed on day 3 and were not
diminished by the administration of anti-LFA-1 mAb. Furthermore, the numbers of BrdU
incorporating CD8 T was significantly greater in allografts from the anti-LFA-1 mAb-
treated recipients than those observed in allografts from control IgG treated recipients
(Figure 6B).

Staining CD8 T cells from the spleens of control IgG- and anti-LFA-1 mAb treated allograft
recipients with antibody to LAG-3, a marker of T cell exhaustion, indicated no difference in
cell surface expression of LAG-3 on day 7 post-transplant (Figure 7). However, allograft
infiltrating CD8 T cells from recipients treated with anti-LFA-1 mAb on days 3 and 4 had
decreased LAG-3 expression when compared to allograft infiltrating CD8 T cells from
control IgG-treated recipients. Similar results were observed with expression of PD1 in that
CD8 T cells within allografts from recipients treated with anti-LFA-1 mAb on days 3 and 4
did not express higher levels of PD1 than CD8 T cells infiltrating allografts in control Ig
treated recipients (S. Iida, data not shown).

Finally, the effector functions of CD8 T cells within allografts of recipients treated with anti-
LFA-1 mAb on days 3 and 4 post-transplant were directly tested by enumerating donor-
reactive CD8 T cells producing IFN-γ. When compared to the number of donor-reactive
CD8 T cells producing IFN-γ in allografts from control IgG treated recipients, the number
infiltrating allografts in recipients treated with anti-LFA-1 mAb was reduced by
approximately 60% (Figure 8A). This decrease correlated with a marked decrease in the
expression of ICOS on infiltrating CD8 T cells in allografts from the anti-LFA-1 mAb
treated recipients (Figure 8B and 8C).

Endogenous memory CD8 T cells within allografts of recipients treated with anti-CD4 or
anti-CD154 mAb do not express functional activity

The results indicating the inability of allograft infiltrating memory CD8 T cells to mediate
rejection in anti-LFA-1 mAb treated recipients prompted investigation into other models
where strategies that promoted long-term allograft survival did not inhibit early endogenous
memory CD8 T cell infiltration into the allografts (16). Groups of heart allograft recipients
were treated with anti-CD4 or with anti-CD154 mAb on days 0 and +1 and then on day +7
post-transplant the allografts were retrieved and the presence of infiltrating CD8 T cells was

Setoguchi et al. Page 6

Am J Transplant. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



assessed. First, the infiltration of various cell populations into the allografts from the
different treatment groups on day 7 post-transplant was directly assessed by antibody
staining of cell aliquots prepared from digested graft tissue and flow cytometry analysis.
Equivalent CD8 T cell numbers were observed in allografts treated with control IgG or
CD4-depleting antibodies on day 7 post-transplant whereas these numbers were significantly
reduced in allografts from recipients treated with the anti-CD154 mAb (Figure 9).
Neutrophil numbers were high in allografts from control IgG treated recipients but were
low-absent in allografts from recipients treated with either anti-CD4 or anti-CD154 mAb.
Recipient treatment with anti-CD4 mAb but not with anti-CD154 mAb also resulted in a
significant decrease in the number of macrophages in the allografts on day 7 post-transplant.

Finally, the expression levels of mRNA encoding innate inflammatory and effector T cell
molecules in allografts harvested on day 7 post-transplant from each of the recipient
treatment groups were determined by qRT/PCR (Figure 10). Recipient treatment with anti-
CD4 mAb resulted in marked decreases in expression of all of the markers tested in the
allografts on day 7 post-transplant with the exception of TNFα. Treatment with anti-CD154
mAb also resulted in marked decreases in all of the markers including TNFα with the
exception of Foxp3 which was increased more than two-fold.

Discussion
This investigation was prompted by clinical studies indicating that the detection of high
levels of endogenous memory T cells with donor reactivity prior to transplant portends poor
renal graft outcomes and pre-clinical studies indicating that memory CD8 T cells induced to
viral infections confer costimulatory blockade resistant rejection of allografts (1, 3, 14, 18).
We had previously reported the rapid infiltration of endogenous memory CD8 T cells into
MHC-mismatched cardiac allografts in naive mice and their activation to proliferate and
produce IFN-γ prior to the appearance of donor antigen-primed effector T cells in the
recipient spleen (16). Although these early memory CD8 T cell mediated inflammatory
events promoted the subsequent trafficking of the donor-antigen primed effector T cells into
the graft, it remained unclear whether the activation and proliferation of these endogenous
memory CD8 T cells provoked sufficient injury to cause rejection independently of the
primary effector T cells. To test this we took advantage of the early infiltration of the
memory CD8 T cells into the allograft and the ability of anti-LFA-1 mAb given on days 3
and 4 to delay the development of the primary effector T cells in the recipient spleen until
day 12–15 post-transplant. Although higher numbers of CD8 T cells were observed on day 7
in the allografts of the anti-LFA-1 mAb- vs. from control-treated recipients, the T cells did
not mediate sufficient injury to provoke graft rejection. Two immediate questions arise from
this result: first, are endogenous memory CD8 T cells that infiltrate the allograft during the
first 1–2 days after graft reperfusion the source of the high numbers of CD8 T cells observed
at day 7 post-transplant; and second, what restricts the expression of effector function by
these cells within the allograft?

The results of this report indicate it is likely that the high numbers of CD8 T cells observed
in the allografts from recipients treated with anti-LFA-1 mAb on days 3 and 4 arise from the
endogenous memory CD8 T cells that infiltrate the allografts prior to the initiation of anti-
LFA-1 mAb treatment. We have previously reported that the endogenous memory CD8 T
cells as well as transferred memory CD8 T cells primed to donor antigens proliferate
following infiltration into the allograft (15) and the results in the current report indicate that
they continue to do so, at least up to day 7 post-transplant. We have also reported the ability
of the anti-LFA-1 mAb to inhibit virtually all recipient leukocyte infiltration into allografts
for several days after administration of the antibody (18). This would suggest that little
leukocyte infiltration into the allograft occurs after administration of the antibody on days 3
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and 4 including infiltration of primary effector T cells that develop in the recipient lymphoid
organs. Consistent with this is the marked decreases in macrophage infiltration into
allografts from recipients treated with the anti-LFA-1 mAb every day from day 3 to 6
whereas the number of CD8 T cells within the allograft continued to increase. Although not
yet tested, it is possible that cytokines such as IL-7 and/or IL-15 that drive the proliferation
of memory CD8 T cells may be present in sufficient quantity in the allograft to sustain this
proliferation.

These results raise questions about the functional capability of the endogenous memory CD8
T cells in mediating graft tissue injury and rejection. Studies by Adams and colleagues (9)
had indicated that a threshold number of viral-induced memory CD8 T cells is required to
overcome costimulation blockade and contribute to rejection of skin and heart allografts in
recipients treated with CTLA-4-Ig and anti-CD154 mAb that promotes long-term allograft
survival in recipients not receiving the memory CD8 T cells. In human adults humans have
104 more T cells than an adult mouse and in humans more of these are memory T cells,
particularly as the human ages (21–23). Thus, this increase in human memory T cells could
achieve the threshold numbers required to overcome costimulation blockade and could
account for the differences in efficacy of many strategies that promote tolerance in mouse
transplant models yet fail in human transplant patients. With regards to the activity of
endogenous memory CD8 T cells responding to heart allografts in mice, either an
insufficient number of endogenous memory CD8 T cells may not infiltrate the allografts or a
threshold number of these T cells may not be achieved during proliferation within the
allograft to provoke the injury needed to reject the graft. However, when assessed on day 7
post-transplant there were more CD8 T cells in the allografts from the anti-LFA-1 mAb
treated recipients than the control treated recipients that were rejecting their grafts at that
time. This suggests that it is absent or decreased memory CD8 T cell function rather than
sufficient numbers that underlies the absence of rejection in these recipients.

The decreases in CD8 T cells within the allograft that produce IFN-γ in response to donor
cells indicate that the proliferating cells lose the ability to express effector functions with
time in the allograft. Many studies have documented the transition of primary effector and
memory CD8 T cells into a state of exhaustion during responses to allografts, tumors and
during chronic viral infections (24–27). However, we did not observe a difference in
expression of markers associated with the transition to an exhausted phenotype on the CD8
T cells in the allografts including PD-1 (S. Iida, data not shown) and LAG-3. Our previous
studies had indicated that IFN-γ production by endogenous memory CD8 T cells infiltrating
cardiac allografts was dependent on ICOS-mediated costimulation (15). ICOS expression is
induced on the endogenous memory CD8 T cells and on donor antigen primed memory CD8
T cells during proliferation. As discussed above, the CD8 T cells in allografts from anti-
LFA-1 mAb treated recipients are clearly proliferating in the allograft but do not express
high levels of ICOS and the absence of this costimulatory pathway may underlie their
inability to express sufficient effector function to mediate overt graft injury.

It was also apparent that in addition to decreased numbers of CD8 T cells producing IFN-γ,
there was a marked decrease in the number of neutrophils in the allografts from the anti-
LFA-1 mAb treated recipients. Results from this and other laboratories have demonstrated a
key role for neutrophil activation in the tissue injury induced following reperfusion of
ischemic organs (28–34). Furthermore, the presence of neutrophils and their activation
products is often observed during T cell- and/or antibody-mediated acute rejection of organ
allografts (17, 35–43). These studies implicate a key role for neutrophils in mediating tissue
injury during allograft rejection and their absence in allografts heavily infiltrated with
endogenous memory CD8 T cells may underlie the absence of overt injury in anti-LFA-1
mAb treated recipients. Neutrophil infiltration into allografts early after graft reperfusion is
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directed by production of CXCL1 and CXCL2 and neutrophil numbers in the allograft are
sustained by the activities of the endogenous memory CD8 T cells (17). Interestingly, we
observed decreased numbers of neutrophils in allografts following recipient treatment with
anti-LFA-1 mAb on days 3 and 4 that correlated with decreased levels of CXCL1 mRNA
but high levels of CXCL2 mRNA in the allograft, suggesting that CXCL1 may be important
for promoting neutrophil infiltration and viability in the allograft. It is also worth noting the
increased numbers of macrophages in these allografts raising questions about their ability or
inability to contribute to graft tissue injury. It has now become clear that macrophages can
assume pro- or anti-inflammatory functions that is dependent on the tissue environment they
enter (44–46), and the attenuation of endogenous memory CD8 T cell mediated
inflammation may direct graft infiltrating macrophage to express anti-inflammatory
functions.

We had previously reported that peri-transplant treatment with either anti-CD4 or anti-
CD154 mAb did not inhibit endogenous memory CD8 T cell infiltration or activation in
cardiac allografts when assessed on days 2 and 3 post-transplant (16). Yet peri-transplant
treatment with these mAb results in marked prolongation in complete MHC mismatched
cardiac allograft survival. Elegant studies from the Bishop laboratory have indicated that
peri-transplant administration of anti-CD4 mAb promotes prolonged survival of cardiac
allografts although the grafts eventually develop occlusive vasculopathy and interstitial
fibrosis whereas anti-CD154 mAb promotes prolonged survival without evidence of this
chronic injury (47–49). The current studies indicate that treatment with anti-CD4 mAb does
not inhibit the accumulation of CD8 T cells in the allograft on day 7 but the CD8 T cells do
not reject the graft and it is also worth noting the absence of neutrophils in these grafts. In
contrast, recipient treatment with anti-CD154 mAb results in the disappearance of the
memory CD8 T cells from the allograft sometime between days 3 to 7 post-transplant. It is
quite noticeable that on day 7 there are high numbers of CD4 T cells and mRNA expression
of FoxP3 suggesting either infiltration of CD4+FoxP3+ Tregs or the conversion of CD4 T
cells to Tregs within the allograft. Studies from many laboratories have reported the
induction of CD4 T regulatory cells by strategies including anti-CD154 mAb (50–52).
Despite the origin of the Tregs on day 7 post-transplant, their presence in the graft is
associated with loss of the memory CD8 T cells that infiltrate shortly after reperfusion. The
induction of these Tregs and/or the absence of endogenous memory CD8 T cells may very
well account for the absence of chronic allograft injury in anti-CD154 mAb-treated vs. anti-
CD4 mAb-treated recipients (47–49). Whether this is due to the disappearance of the
endogenous memory CD8 T cells and/or neutrophil activity at early times post-transplant as
well as the mechanisms underlying the absence of ICOS on these CD8 T cells and the
decreased expression of effector functions within the allograft remain undefined at this time
but certainly warrant rigorous investigation to more completely understand this component
of the early immune response to the allograft.
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Figure 1. CD8 T cells in complete MHC-mismatched cardiac allografts from recipients treated
with anti-LFA-1 mAb on days 3 and 4 post-transplant
C57BL/6 mice were treated with 200 μg control rat IgG or with anti-LFA-1 mAb on days 3
and 4 after an A/J cardiac transplant. On day 7, grafts were harvested and formalin-fixed,
paraffin-embedded sections were stained with hematoxylin and eosin (upper panels) or
frozen sections were stained by immunohistochemistry to detect CD8 T cells (lower panels).
Images are representative of 5 or more separate allografts for each treatment group.
Magnification, x200.
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Figure 2. Memory CD8 T cell infiltration into cardiac allografts from recipients treated with
anti-LFA-1 mAb
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Groups of C57BL/6 mice were treated with 200 μg anti-LFA-1 mAb either on days −1 and 0
or on days 3 and 4 or with control rat IgG on days 3 and 4. The mice received complete
MHC mismatched A/J cardiac allografts on day 0. (A) Grafts were harvested on day 7 post-
transplant, weighed, digested to prepare single cell suspensions, and graft-infiltrating cells
were analyzed by antibody staining and flow cytometry to determine the numbers of graft-
infiltrating CD4 and CD8 T cells, neutrophils and macrophages. *p ≤ 0.02; **p < 0.01; ***p
< 0.002; n.s. no significant differences. (B) Aliquots of the iso- and allo-graft infiltrating
cells from each group were stained with antibodies to detect the expression of CD44 and
CD62L on CD8 T cells. A representative example of 5 grafts/group is shown. (C) The
number of graft infiltrating CD8 T cells expressing each of the indicated naïve
(CD62LhighCD44low) and memory (central memory, C/M CD62LhighCD44high and effector
memory E/M CD62LlowCD44high) phenotypes for groups of 5 grafts ± SEM is shown on a
log scale. *p < 0.03.
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Figure 3. Intragraft cytokine and chemokine mRNA expression in cardiac isografts and in
allografts from anti-LFA-1 mAb treated recipients
Groups of C57BL/6 mice were treated with 200 μg anti-LFA-1 mAb either on days −1 and 0
or on days 3 and 4 or with control rat IgG on days 3 and 4. The mice received isografts or
complete MHC mismatched A/J cardiac allografts on day 0. Grafts were harvested on day 7
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, chemokines and phenotypic markers. *p ≤ 0.02; **p < 0.01; n.s. not significantly
different.
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Figure 4. Neutrophil activation in cardiac allografts from recipients treated with anti-LFA-1
mAb
Groups of C57BL/6 mice were treated with 200 μg anti-LFA-1 mAb either on days −1 and 0
or on days 3 and 4 or with control rat IgG on days 3 and 4. The mice received isografts or
complete MHC mismatched A/J cardiac allografts on day 0. Grafts were harvested on day 7
post-transplant, soluble lysates were prepared and the total protein in the lysates determined.
Aliquots of the lysate were tested by ELISA for quantity of myeloperoxidase (MPO) protein
as a measure of neutrophil activation in the graft. *p ≤ 0.02.
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Figure 5. Temporal increase in CD8 T cell numbers in cardiac allografts from recipients treated
with anti-LFA-1 mAb
(A) C57BL/6 mice were treated with 200 μg anti-LFA-1 mAb either on days −1 and 0 or on
days 3 and 4 or with control rat IgG on days 3 and 4. The mice received complete MHC
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mismatched A/J cardiac allografts on day 0. Groups of grafts were harvested on day 3 or on
7 post-transplant, digested to prepare single cell suspensions, and graft-infiltrating cells were
analyzed by antibody staining and flow cytometry to determine the numbers of graft-
infiltrating CD8 T cells and neutrophils. *p ≤ 0.002; **p < 0.001. (B) Recipients were also
treated with 200 μg control rat IgG or anti-LFA-1 mAb each day from day 3 to 6 post-
transplant. Grafts were harvested on day 7 post-transplant, digested to prepare single cells
suspensions, and graft-infiltrating cells were analyzed by antibody staining and flow
cytometry to determine the numbers of graft-infiltrating CD4 and CD8 T cells, neutrophils
and macrophages. *p ≤ 0.0; **p ≤ 0.008; n.s. not significantly different.
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Figure 6. Proliferation of CD8 T cells in cardiac allografts from recipients treated with anti-
LFA-1 mAb
Groups of C57BL/6 mice were treated with 200 μg anti-LFA-1 mAb either on days −1 and 0
or on days 3 and 4. The mice received isografts or complete MHC mismatched A/J cardiac
allografts on day 0. The day before graft harvest, day 2 or day 6, recipients were injected i.p.
with BrdU. Grafts were harvested on day 3 or 7 post-transplant, digested to prepare single
cells suspensions, and aliquots stained with anti-BrdU and anti-CD8 mAb and analyzed by
flow cytometry to assess BrdU incorporation by the graft infiltrating CD8 T cells.
Representative histograms of BrdU incorporation by gated CD8 T cells in grafts from each
group is shown. The mean percentage of BrdU+CD8+ cells in 4 grafts from each group ±
SEM is shown. *p < 0.03.
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Figure 7. Expression of LAG-3 on CD8 T cells in spleens and cardiac allografts from recipients
treated with anti-LFA-1 mAb
Groups of C57BL/6 mice were treated with 200 μg control rat IgG or anti-LFA-1 mAb on
days 3 and 4. The mice received complete MHC mismatched A/J cardiac allografts on day 0.
Recipient spleens (top rows) and allografts (bottom rows) were harvested on 7 post-
transplant, digested to prepare single cells suspensions, and aliquots stained with anti-
LAG-3 (solid line) or control IgG (shaded line) and anti-CD8 mAb and analyzed by flow
cytometry to assess LAG-3 expression by CD8 T cells in the recipient spleen and by the
graft infiltrating CD8 T cells. Representative histograms of LAG-3 expression by gated CD8
T cells in grafts from each group is shown. The mean change in Mean Fluorescence
Intensity (MFI) of LAG-3 staining for the gated CD8 T cells in 4 grafts from each group
SEM is shown. *p ≤ 0.03; n.s. not significantly different.
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Figure 8. Activation of CD8 T cells in cardiac allografts from recipients treated with anti-LFA-1
mAb
Groups of C57BL/6 mice were treated with 200 μg control rat IgG or anti-LFA-1 on days 3
and 4 and received complete MHC mismatched A/J cardiac allografts on day 0. (A) On day
7, grafts were harvested, weighed, digested to prepare single cell suspensions, and the
allograft infiltrating CD8 T cells were isolated by positive selection. Aliquots of the CD8 T
cells were tested by ELISPOT assay to enumerate donor-reactive CD8 cells producing IFN-
γ. Data are representative of two independent experiments and the data indicate mean
number of donor-reactive CD8 T cells producing IFN-γ ± SEM. *p ≤ 0.004. (B) Aliquots of
the graft infiltrating cells from recipients treated with control IgG or with anti-LFA-1 mAb
as indicated were stained with anti-ICOS mAb and anti-CD8 mAb and analyzed by flow
cytometry to assess ICOS expression by the graft infiltrating CD8 T cells. Representative
histograms of ICOS expression by gated CD8 T cells in grafts from each group are shown.
(C) Individual numbers of graft infiltrating CD8 T cells expressing high vs. low ICOS is
shown for groups of 5 grafts, with the mean number indicated by the vertical bar. *p < 0.01.
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Figure 9. Memory CD8 T cell infiltration into cardiac allografts from recipients treated with
anti-CD4 or anti-CD154 mAb
Groups of C57BL/6 mice were treated with 200 μg control rat IgG or with anti-CD4 or anti-
CD154 mAb either on days −1 and 0. The mice received complete MHC mismatched A/J
cardiac allografts on day 0. Grafts were harvested on day 7 post-transplant, weighed,
digested to prepare single cell suspensions, and aliquots stained with antibodies to detect
graft-infiltrating CD4 and CD8 T cells, neutrophils and macrophages by flow cytometry. *p
< 0.02; **p < 0.0001; n.s. not significantly different.
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Figure 10. Intragraft cytokine and chemokine mRNA expression in cardiac isografts and in
allografts from anti-LFA-1 mAb treated recipients
Groups of C57BL/6 mice were treated with 200 μg control rat IgG or with anti-CD4 or anti-
CD154 mAb either on days −1 and 0. The mice received isografts or complete MHC
mismatched A/J cardiac allografts on day 0. Grafts were harvested on day 7 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, chemokines
and phenotypic markers. *p ≤ 0.05; **p < 0.01; n.s. not significantly different.
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