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Abstract
Donor-reactive memory T cells can play an important role in mediating graft rejection following
transplantation. Transplant recipients acquire donor-reactive memory T cells not only through
prior sensitization with alloantigens, but also through previous exposure to environmental
pathogens that are cross-reactive with allogeneic peptide:MHC complexes. Current dogma
suggests that most, if not all, memory T cell responses are independent of the requirement for
CD28 and/ or CD154/CD40-mediated costimulation in order to mount a recall response. However,
heterogeneity among memory T cells is increasingly being appreciated, and one important factor
known to impact the function and phenotype of antigen-specific T cell responses is the amount/
duration of antigen exposure. Importantly, the impact of antigen exposure on development of
costimulation independence is currently unknown. Here, we interrogated the effect of decreased
antigen amount/duration during priming on the ability of donor-reactive memory T cells to
mediate costimulation blockade-resistant rejection during a recall response following
transplantation in a murine model. Recipients possessing donor-reactive memory T cell responses
that were generated under conditions of reduced antigen exposure exhibited similar frequencies of
antigen-specific T cells at day 30 post infection, but, strikingly, failed to mediate costimulation
blockade-resistant rejection following challenge with an OVA-expressing skin graft. Thus, these
data demonstrate the amount/ duration of antigen exposure is a critical factor in determining
memory T cells' relative requirement for costimulation during the recall response following
transplantation.
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Introduction
In recent years, it has become increasingly apparent that a large degree of heterogeneity
exists among memory T cells in mouse and man (1,2). Memory T cells possess a wide range
of levels of expression of activation markers, trafficking molecules, costimulatory
molecules, and inhibitory receptors. At a functional level, memory T cells can vary widely
in terms of their proliferative capacity, cytokine production, and cytolytic function upon
secondary recall. For example, many groups now have characterized the existence of central
(TCM) vs effector (TEM) memory T cells which express different homing receptors that
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allow them to traffic to the lymphoid organs or peripheral tissues, respectively (3), and
initiate the secondary recall response (TCM) or provide surveillance of peripheral tissue sites
for invading pathogens (TEM). Additional subsets and functional phenotypes of memory T
cells have also recently been described (4). Before this wide range of function and
phenotypes of memory T cells was appreciated, it was generally accepted that memory T
cells do not require CD28/B7 and/or CD154/CD40 signals for recall responses. This dogma
is based on studies showing that memory T cells could become fully activated following in
vitro stimulation with B7-deficient APC (5-8), and the finding that CD28-/- mice do not
exhibit a gross impairment in their ability to generate memory T cells in response to LCMV
infection, or for these memory T cells to respond upon secondary rechallenge (9). Despite
these findings, the fact that blockade of CD28 can alleviate established autoimmunity in
models of EAE and type 1 diabetes would suggest that memory T cells present in these
models could be controlled by blockade of the CD28 pathway (10). Furthermore, psoriasis
and rheumatoid arthritis in humans, both of which are thought to be mediated by memory T
cells (11), can be successfully treated with CTLA-4 Ig (12,13). Katsikis et al., working in a
model of bacterial infection, found that CD8+ memory T cells arising from adoptively
transferred cells required CD28-mediated costimulation for optimal recall responses (14). In
sum, these findings suggested that, under certain circumstances, memory T cells may require
CD28 and/or CD154 mediated signals in order to mount effective recall responses.

These issues are relevant to the field of transplantation in that it is becoming increasingly
well-appreciated that memory T cells elicited via a prior pathogen infection can potentially
cross-react with allogeneic peptide:MHC complexes and thereby participate in rejection of
the graft (15,16). A recent study by Amir et al. demonstrated that fully 40% of virus-specific
human T cell clones tested exhibited alloreactivity to at least one HLA molecule (17).
Furthermore, prior studies have shown that pre-existence of donor-reactive memory T cells
(in otherwise unsensitized individuals) correlated with poor graft outcomes (18). Thus,
understanding the mechanisms by which pathogen-elicited donor-reactive memory T cells
may mount recall responses following transplantation and mediate rejection of an allograft
are of critical importance.

Costimulatory requirements of donor-reactive memory T cells during transplantation are
particularly relevant in that reagents designed to block costimulatory molecules are currently
in late-stage clinical trials for the prevention of graft rejection (19-21). Numerous studies
over the last 20 years have demonstrated that blockade of the CD28 and CD154/CD40
costimulatory pathways during transplantation leads to prolonged graft survival in both
murine and non-human primate models (22-24). However, it is becoming increasingly well-
appreciated that the immune history of a transplant recipient may be a major determinant of
the success or failure of tolerance induction strategies (25-32). Importantly, donor-specific
memory T cells elicited either by exposure to donor antigens or viral pathogens are
refractory to tolerance induction using CD40 and CD28 blockers in protocols that
effectively tolerize naïve donor-specific T cells (27,33). For example, while a costimulation
blockade-based tolerance regimen effectively prevented skin graft rejection in naïve mice,
mice that had been previously infected with one, two, or three different viruses demonstrated
increasing resistance to the induction of tolerance by costimulation blockade (33). Evidence
from different murine model systems indicates that both CD4+ and CD8+ donor-specific
memory cells can constitute a barrier to tolerance (33,34). In human transplant recipients,
higher levels of donor-specific memory T cells are associated with higher rejection rates
(18). However, the functional phenotypes of memory cells are highly heterogeneous, and
can be influenced by a variety of different factors. Thus, understanding the individual
parameters that give rise to this heterogeneity, especially in terms of relative resistance to
costimulation blockade-based therapies for transplantation tolerance induction, remains an
important goal.
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In this study, we therefore sought to define the priming conditions that influence the relative
costimulation requirement of donor-reactive memory T cells. Previous studies have
demonstrated that the amount/ duration of antigen exposure can have a profound impact on
the function and character of the resulting memory T cell population (35-37). Here we tested
the impact of alterations in exposure to antigen during priming on the development of
memory T cell responses that are costimulation independent during recall. In order to
accomplish this, we made use of a system in which OT-I transgenic T cells were stimulated
during the priming phase by OVA-expressing Listeria in order to generate pathogen-elicited
donor-reactive memory T cells. Experimental animals received ampicillin post-infection in
order to limit the spread of the infection and reduce the amount and duration of antigen
exposure of the donor-reactive T cells, and the mice subsequently received an OVA-
expressing skin graft to initiate a secondary recall response in the presence or absence of
costimulation blockade. Recipients possessing donor-reactive memory T cell responses that
had been generated under conditions of reduced antigen exposure exhibited similar
frequencies and phenotypes of antigen-specific T cells at day 30 post infection, but,
strikingly, failed to mediate costimulation blockade-resistant rejection following challenge
with an OVA-expressing skin graft. Thus, these data demonstrate the amount/ duration of
antigen exposure is a critical factor in determining memory T cells' relative requirement for
costimulation during recall response following transplantation.

Materials and Methods
Mice

Adult male 6- to 8-week old C57BL/6 were purchased from the Jackson Laboratory (Bar
Harbor, ME). TCR transgenic OT-I mice were purchased from Taconic, Inc. and were bred
onto the Thy1.1+ background. Act-mOVA mice were produced and provided by Dr. Marc
Jenkins, Univ. of Minnesota (38). Animals received humane care and treatment in
accordance with Emory University Institutional Animal Care and Use Committee
guidelines.

LM-OVA infection and ampcillin treatment
Listeria monocytogenes containing full-length OVA insert with streptomycin-resistance
(LM-OVA) was made by H. Shen (39). 5 mls BHI broth (Teknova) supplemented with 50
ug/ml streptomycin was inoculated with LM-OVA and incubated overnight at 37° C. Mice
were infected with 104 colony-forming units (CFU) of LM-OVA intraperitoneally in 500 ul
of sterile PBS on day 0. Where indicated, mice were treated with 1mg ampicillin (in saline)
intraperitoneally and given 2mg/mL ampicillin in drinking water 24 h to d6 post-infection.
For CFU quantification, spleens were harvested at the indicated timepoints, processed, and
resuspended in 0.5% Triton X-100. Samples were onto BHI plates containing 50 g/ml
streptomycin (Teknova). Plates were incubated at 37°C for 24-48 hours and observed for the
presence of bacterial colonies.

Quantification of Kb/SIINFEKL complexes
Splenocytes were harvested at the indicated timepoints and stained with CD11b-FITC,
mouse IgG1-PE isotype control, B220-PerCP, and CD11c-APC (all BD Pharmingen), and
an antibody specific for SIINFEKL/Kb complexes (25-D1.16) (40). The 25-D1.16 was
conjugated to R-PE using the Lightning Link R-PE kit (Innova Biosciences) following
manufacturer's instructions. The number of peptide:MHC complexes were calculated by
normalizing the MFI of 25-D1.16 staining to a standard curve of fluorescent beads bearing a
known quantity of R-PE molecules (Bangs Labs) and conducting regression analysis
according to the manufacturer's instructions (Bangs Labs).
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T Cell Adoptive Transfers
OT-I × Thy1.1+ TCR tg T cells were harvested from spleens, single cell suspensions were
prepared and counted, and the frequency of OT-I T cells within the splenocytes preparation
was determined prior to adoptive transfer by staining with anti-Vα2, anti-Vβ5, and anti-CD8
(Pharmingen, San Diego, CA). Mice received a single i.v. injection of the indicated number
of OT-I T cells along with syngeneic B6 carrier splenocytes.

Flow Cytometric Analyses for Frequency and Absolute Number
At the indicated timepoints, recipients of OT-I T cell transfers were sacrificed, spleens and
draining axillary lymph nodes were harvested, and single cell suspensions were prepared.
Cells were stained with KLRG-1-PE (Southern Biotech), CD44-PE (BioLegend), CD127-
APC (eBiosciences), CD62L-FITC, CD25-APC, Thy1.1-PerCP, and CD8-PacBlue (all BD
Biosciences) for flow cytometric analysis on a BD LSRII multi-color flow cytometer. In
some cases, the absolute number of antigen-specific T cells was determined by TruCount
Bead Analysis (Pharmingen) according to manufacturer's instuctions. Flow cytometric data
were analyzed using FlowJo Software (Treestar, San Carlos, CA).

Intracellular Cytokine Staining
For measurement of IFN-γ, TNF, and IL-2 secreting cells, single cell suspensions of
splenocytes from adoptive transfer/skin graft recipients (1×106 per well) were incubated in a
96 well plate with 10 nM OVA257-264 (SIINFEKL)(Emory University Microchemical
Core Facility) and 10 μg/ml Brefeldin A (Pharmingen, San Diego, CA). After 4 hours in
culture, cells were processed using an intracellular staining kit (Pharmingen, San Diego,
CA) according to manufacturer's instructions and stained with anti-TNF-PE, anti-IFN-γ-
FITC, anti-IL-2 APC, anti-Thy1.1-PerCP, anti-CD8-Pacific Blue, and (all from
Pharmingen). Culture media consisted of RPMI 1640 supplemented with 10% FBS
(Mediatech, Herndon, VA), 2 mM l-glutamine, 0.01 M Hepes buffer, 100 μg/ml gentamycin
(Mediatech), and 5 × 10−5 M 2-mercaptoethanol (Sigma-Aldrich, St. Louis, MO).

Skin Grafting and Costimulation Blockade
Full thickness skin grafts (∼1 cm2) were transplanted onto the dorsal thorax of recipient
mice and secured with a plastic adhesive bandage for 5 days. Graft survival was then
monitored by daily visual inspection. Rejection was defined as the complete loss of viable
epidermal tissue. Where indicated, recipients of skin grafts received treatment with 500 μg
each of hamster anti-mouse CD40L mAb (MR-1, BioXcell, West Lebanon, NH) and/or
human CTLA-4 Ig (Bristol-Meyers Squibb), administered i.p. on the day of transplantation
(day 0) as well as on post-transplant days 2, 4, and 6.

Statistical Analyses
Survival times for skin graft experiments were displayed on Kaplan-Meier curves and
compared by log-rank test, and numbers of donor-specific T cells and MFIs of activation
markers were compared by Mann-Whitney non-parametric test. Statistical analyses were
conducted using GraphPad Prism Software.

Results
Limiting the amount and duration of antigen exposure during priming does not impact
magnitude of donor-reactive T cell response

We sought to determine the effects of decreased antigen exposure on the character of donor-
reactive memory T cell populations. As such, we began by establishing a model system in
which the amount and duration of antigen exposure could be manipulated in vivo. Briefly,
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we infected naïve B6 mice with OVA-expressing Listeria monocytogenes (LM-OVA).
Animals then received ampicillin intraperitoneally at 24 h post-infection, and in their
drinking water ad libitum as previously described (41), in order to limit the spread of the
infection and reduce the amount and duration of antigen exposure of the donor-reactive T
cells. Results indicated that both the magnitude and duration of OVA-expressing Listeria, as
measured in ex vivo CFU assays, were reduced in the ampicillin-treated animals (Figure
1A). The area under the curve for the untreated animals was 4251, whereas for the
ampicillin-treated animals it was 98.75.

In order to more precisely quantify the effect of limiting bacterial replication on the degree
of antigen exposure, we measured the number of peptide: MHC complexes presented on the
surface of CD11c+ APC isolated from LM-OVA infected animals in the presence or absence
of ampicillin. Using an antibody specific for SIINFEKL/Kb complexes (25-D1.16) and a
flow cytometry bead-based quantification assay (40), the numbers of peptide:MHC
complexes were calculated by normalizing the MFI to a standard curve of fluorescent beads
bearing a known quantity of fluorescent molecules (Figure 1B). Results obtained using this
methodology demonstrated that the numbers of SIINFEKL/Kb complexes per cell were
reduced in the spleen at both 48 and 72 hours following infection in the mice that received
ampicillin treatment (Figure 1C). By 72h post-infection, staining for SIINFEKL/Kb

complexes reached the limit of detection (grey bar) in ampicillin-treated recipients. These
data therefore suggested that donor-reactive T cells primed in ampicillin-treated recipients
experienced reduced exposure to APC-bound Kb/SIINFEKL complexes relative to untreated
control animals.

To assess the impact of this reduced antigen exposure on generation of memory T cells, 104

Thy1.1+ naïve OT-I T cells were adoptively transferred into naïve B6 recipients, which were
then infected with LM-OVA in the presence or absence of ampicillin treatment as described
above. The magnitude and kinetics of expansion of antigen-specific Thy1.1+ T cells under
these conditions were followed over time, and as has been previously reported (41), we did
not observe significant differences in either the kinetics of expansion and contraction or the
peak burst size in mice treated with ampicillin as compared to untreated controls (Figure
1D). These results corroborate earlier findings demonstrating that CD8+ T cells need only a
short exposure to antigen, which results in programmed expansion and differentiation during
an antigen-independent phase of the response (42,43). We then went on to examine OVA-
specific Thy1.1+ T cell frequencies and absolute numbers at day 30 post-infection, during
the memory phase of the response, and found them to be equivalent in both the ampicillin-
treated and untreated recipients (Figure 1E, 1F). Thus, memory T cell frequency was not
impacted by decreasing the duration and extent of antigen exposure.

Donor-reactive memory T cells stimulated under conditions of limiting antigen fail to
mediate costimulation blockade resistant rejection

The results presented above suggested that limiting antigen exposure during priming did not
impact quantitative aspects of memory T cell development. We hypothesized that it may,
however, impact qualitative aspects of memory T cell development, specifically with regard
to the costimulation independence of memory T cells. To assess the effects of reduced
antigen exposure on development of donor-reactive memory T cell requirement for
costimulation, 104 Thy1.1+ donor-reactive T cells were adoptively transferred into naïve B6
recipients, which were infected with LM-OVA and treated with ampicillin as described
above. At day 30 post-infection, mice were challenged with an OVA-expressing mOVA
skin graft, and groups of mice were treated with CTLA-4 Ig and anti-CD154 (MR-1) to
block the CD28 and CD40 costimulatory pathways, respectively. Results demonstrated that
animals not treated with costimulation blockade, both ampicillin-exposed and unexposed
recipients rapidly rejected their skin grafts with second-set kinetics (Figure 2A, MST 13.5
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and 11 days, respectively). Consistent with the known costimulation independence of
memory T cells, recipients that were treated with costimulation blockade but that had not
received ampicillin during priming, also rapidly rejected their skin grafts in a costimulation-
independent manner (Figure 2B, MST 13 d). In stark contrast, however, mice that had
received ampicillin, and therefore were subjected to attenuated antigen exposure during
priming, failed to undergo costimulation blockade-resistant rejection and instead exhibited
long-term graft survival (Figure 2B, MST 180 d, p<0.0001). Coupled with our findings that
similar frequencies of cells existed in these recipients at the time of graft challenge, these
results suggest that limiting antigen exposure during priming inhibits the differentiation of
costimulation-independent memory T cells.

We next evaluated the ability of donor-reactive memory T cells generated under conditions
of limited antigen density and duration to mediate graft rejection following single pathway
blockade. Specifically, recipients that had been infected with LM-OVA in the presence or
absence of ampicillin were allowed to go to memory and then were rechallenged with an
mOVA skin graft in the presence of either CTLA-4 Ig or anti-CD154. Results from these
experiments demonstrated that in contrast to combined pathway blockade, memory T cells
that were generated under conditions of limited antigen exposure were still able to mediate
graft rejection following either CD28 or CD154 pathway blockade alone (Figure 2C, D,
MST 11 and 12.5 d, respectively). This is in contrast to recipients possessing naïve T cells,
which demonstrated significantly prolonged graft survival following CD28 (p=0.0013) or
CD154 (p=0.0003) pathway blockade (Figure 2E, MST 22 and 189 days, respectively,
compared to 17.5 for untreated controls). These data suggested that in donor-reactive T cell
populations that differentiate under conditions of limited antigen exposure, engagement of
either the CD28 or CD154/CD40 pathway is sufficient to generate a competent recall
response, but that blockade of both pathways results in attenuation of the response and
prolongation of graft survival.

Limiting the amount and duration of antigen exposure during priming of donor-reactive T
cells resulted in normal cytokine production but reduced expression of KLRG-1 and
increased expression of CD127

The above results suggested that cells stimulated under conditions of limited antigen
exposure during the priming phase exhibited an increased requirement for costimulation
during the recall response. Given these results, we interrogated the stage of differentiation
during which differences in these T cell populations could be observed. First, we asked
whether effector T cells stimulated under conditions of limited antigen exposure differed
significantly from their untreated counterparts during the peak of the response. In order to
address this question, we compared the functional and phenotypic characteristics of day 9
OT-I T cells isolated from LM-OVA infected mice that had been left untreated or treated
with ampicillin as described above. At day 9 post-infection, splenocytes were harvested and
restimulated with OVA peptide to assess cytokine production. Results indicated that T cells
from untreated and ampicillin-treated mice produced IFN-γ, TNF, and IL-2 at high
frequencies (Figure 3A), and there was no difference in the frequencies of single cytokine-,
double-cytokine, or triple cytokine-producing cells (Figure 3B, 3C).

We next compared phenotypic markers of cell differentiation between the two populations,
and while no differences were observed in the levels of expression of CD62L, VLA-4, and
CD25, we observed a marked reduction in the expression of KLRG-1 on OT-I T cells that
had been stimulated under conditions of limited antigen exposure as compared to untreated
controls (MFI 193 vs 139, respectively, p<0.001). In addition, a highly statistically
significant upregulation of CD127 expression was observed OT-I T cells that had been
stimulated under conditions of limited antigen exposure as compared to untreated controls
(MFI 2437 vs 1468, respectively, p<0.001).
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Effect of reduced antigen exposure on memory T cell generation and function
Because we had observed differences in KLRG-1 and CD127, both markers of T cell
differentiation status, at day 9 post-infection, we next sought to characterize the phenotypes
and functionality of cells stimulated under conditions of limiting antigen exposure at day 30
post-infection (memory timepoint). Again, adoptive transfer recipients of OT-I T cells were
infected with LM-OVA in the presence or absence of ampicillin. At day 30 post-infection,
splenocytes were harvested and assayed for ability to produce cytokines following a short
period of in vitro restimulation. No differences were observed in the abilities of cells primed
under conditions of limiting antigen exposure to produce IFN-γ, TNF, and/or IL-2 following
ex vivo restimulation (Figures 4A-4C). Furthermore, at this memory timepoint, no
differences were observed in the expression of KLRG-1, CD127, CD62L, CD28 or CD25.

Memory T cells primed under conditions of limited antigen exposure exhibit diminished
recall responses in the presence of costimulation blockade

As memory T cells primed under conditions of limiting antigen exposure were
phenotypically indistinguishable from their untreated counterparts at day 30 post-infection,
we sought to assess their ability to respond upon rechallenge with antigen. Briefly, recipients
of OT-I T cells that had been infected with LM-OVA in then left untreated or treated with
ampicillin were challenged with an mOVA skin graft on day 30 post infection (Figure 5A).
Groups of mice were either left untreated following graft placement or were treated with
CTLA-4 Ig and anti-CD154. Ten days post transplantation, mice were sacrificed and spleens
and draining LN were analyzed for the donor-reactive T cell response. While a slight
decrease in both the frequency (Figure 5B) and absolute number (Figure 5C) of donor-
reactive CD8+ T cells was observed in the spleens of costimulation blockade-treated animals
that had not received ampicillin as compared to controls, donor-reactive T cell responses
were significantly diminished in terms of both frequency (Figure 5B and 5C, left panel,
p<0.05) and absolute number (Figure 5C, right panel, p<0.05) in the spleens of mice that
received ampicillin during the priming phase of the OVA-specific response, and
costimulation blockade during the recall response to an OVA-expressing skin graft as
compared to untreated controls. Statistically significant differences between all other groups
were not observed. Similar observations were also made in the draining LN (data not
shown).

In order to examine the functionality of the remaining cells, intracellular cytokine staining
was performed on splenocytes isolated from the different treatment groups following a four-
hour in vitro restimulation (Figures 5D and 5E). Interestingly, we observed that following a
secondary rechallenge with an OVA-expressing skin graft, cytokine responses in mice that
were treated with ampicillin during the priming phase of the response were potently
inhibited by in vivo administration of costimulation blockade (Figure 5F, p<0.01). In
contrast, costimulation blockade had no effect on recall cytokine responses of cells isolated
from mice that had not received ampicillin during the priming phase (Figure 5F, p=NS).

Discussion
In this study we addressed the role of antigen amount/duration in the differentiation of
costimulation-independent memory T cells. While memory T cells are widely considered to
be costimulation-independent, there is a great deal of heterogeneity within memory T cell
populations, stemming from factors such as strength of stimulus, cytokine
microenvironment, clonal competition, and duration of antigen exposure (1,36). Here, we
found that memory T cells that were primed under conditions of limited antigen exposure
exhibited a reduced frequency of KLRG-1hi cells and increased CD127 expression during
the peak of the response, and an increased requirement for CD28 and CD154/CD40-
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mediated costimulation during the recall response to a transplant. From these data we
conclude that the amount and/or duration of antigen exposure during the priming phase is a
critical parameter in determining the relative costimulation requirement for memory T cells
upon recall.

The amount/duration of exposure to antigen has been shown to impact memory T cell
differentiation in other studies. For example, using the same model of LM-OVA infection
followed by ampicillin treatment, Williams et al. showed that limiting the amount of antigen
resulted in decreased frequencies of antigen-specific TEM cells and increased frequencies of
TCM cells (41). As a result, a striking decrease was observed in the frequencies of tissue-
homing memory T cells such as those found in the liver. Likewise, Sarkar et al. showed that
antigen-specific CD8+ that were exposed to LCMV infection for a shorter time period more
rapidly differentiated from effector memory T cells (TEM) into central memory T cells
(TCM) as compared to those which were exposed to antigen for a longer period of time (44).
While we did not observe an increase in antigen-specific CD62Lhi cells in T cell populations
stimulated under conditions of reduced antigen exposure in our model, we did observe an
increase in CD127 and decrease in KLRG-1 expression at day 9 post-infection, both markers
that have been shown to be expressed by correlated with long-lived memory precursors
(45,46). Interestingly, other studies have showed that the generation of TCM was dependent
upon the initial precursor frequency of antigen-specific T cells, in that antigen-specific
populations stimulated at an initial high frequency underwent rapid conversion from TEM to
TCM following antigen exposure as compared to those stimulated at an initial low frequency
(44,47). It has been demonstrated that the likely mechanism underlying this effect is the
competition of cells within the responding population for antigen/APCs (37). Taken
together, our data along with these studies therefore demonstrate that T cells stimulated
under conditions of limiting antigen amount/duration are induced to more rapidly
differentiate into CD127hi KLRG-1lo long-lived memory precursors and/or TCM-like cells as
compared to those receiving prolonged antigen exposure.

While the studies discussed above examined the impact of reduced antigen exposure on
memory T cell phenotype and differentiation status, our study is the first to explore the
impact of reduced antigen exposure on the costimulatory requirements of memory T cells.
After rechallenging mice with an OVA-expressing skin graft 30 days post infection in the
presence of CD28 and/or CD154 blockade, we observed that donor-reactive memory T cells
stimulated under conditions of limited antigen exposure exhibited costimulatory
requirements that were intermediate relative to naïve and fully differentiated memory T
cells. Specifically, our results showed that mice possessing donor-reactive memory T cells
stimulated under reduced antigen exposure failed to mount a vigorous immune response and
reject their grafts when CD28 and CD154 costimulatory pathways were both blocked. In this
way, memory T cells stimulated under conditions of reduced antigen exposure behaved
more like naïve T cells. However, when either CD28 or CD154 single pathway blockade
was administered, the mice rejected their grafts more rapidly than did mice possessing naïve
donor-reactive T cells. Thus, taken together, these results suggest that a spectrum of
costimulatory requirements may exist within the heterogeneous memory T cell pool.

The data presented here are consistent with previous reports examining the costimulatory
requirements of memory T cells. Specifically, Katsikis et al., working in a model of bacterial
infection, found that memory T cells arising from high-frequency adoptively transferred
cells required CD28-mediated costimulation for optimal recall responses (14). As discussed
above, conditions of high T cell precursor frequency likely lead to competition for antigen
and hence reduced antigen stimulation of a given T cell clone (37,48). Thus, in this model
where individual T cell stimulation was likely low, costimulatory requirements of memory T
cells were relatively increased. Also consistent with our findings that memory T cells
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stimulated under conditions of reduced antigen exposure possessed a more TCM-like
phenotype (increased CD127, decreased KLRG-1) and exhibited increased requirement for
costimulation upon recall are the report of Oberbarnscheidt et al., which demonstrated that
TCM were more dependent on CD28/CD154-mediated costimulatory signals than TEM,
which could mediate rejection of a graft despite treatment with reagents to block these
pathways (49). Taken together, these findings suggest that, under certain circumstances,
memory T cells may require CD28 and/or CD154 mediated signals in order to mount
effective recall responses. The results reported here demonstrate that the amount/duration of
antigen during primary exposure is one such factor, and is therefore critical for the
development of costimulation independent memory T cell responses.

In this study we used a model in which antigen expression was attenuated via ampicillin
treatment to limit the bacterial infection in order to assess the impact of antigen exposure.
While this model has been widely used in the literature as a means of limiting antigen
exposure (41,43), it has two caveats in that: 1) it does not distinguish between a change in
the magnitude vs. duration of antigen expression, and 2) attenuation of the infection also
limits the exposure of the responding T cells to other components of the inflammatory
response to infection and the innate immune system, which has been shown to impact the
function and phenotype of the responding memory T cell population (50-52). These factors
may also secondarily impact the context of antigen presentation, the quantity and/or quality
of CD4+ T cell help, the quantity and duration of co-stimulation, the cytokine milieu, and
the generation of tissue-homing donor-reactive memory T cells. Thus, future studies will
aim to address the role of antigen dose vs duration and the non-specific inflammatory
response on the development of costimulation-independent memory T cell responses, and to
define the cellular and molecular mechanisms underlying this effect.

In summary, this study establishes the amount/ duration of exposure to antigen as a critical
element in determining the relative costimulatory requirements for memory T cells during
the recall response to a transplant. Given the increasingly-appreciated role of pathogen-
specific, allo-crossreactive memory T cells in mediating graft rejection (17,33), these results
suggest that there may be significant heterogeneity within these allo-crossreactive memory T
cell populations with regard to their costimulatory requirements. Thus, more extensive
characterization of the function and phenotypes of allo-crossreactive memory T cells may
shed light on their abilities to mediate costimulation blockade-resistant rejection following
transplantation. Furthermore, our results firmly establish the fact that some memory T cell
populations are susceptible to the effects of costimulatory blockade in vivo. Further work
designed to elucidate the specific molecules and pathways that are differentially expressed
and/ or regulated in these memory T cells may result in the identification of novel targets for
the inhibition of donor-reactive memory T cell responses following transplantation.
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Figure 1. Limiting the duration of infection and peptide presentation in LM-OVA infected mice
with ampicillin treatment results in similar peak frequencies and numbers of OT-I T cells
Naïve B6 mice were adoptively transferred with 104 OT-I T cells and infected with 104 CFU
of LM-OVA and either left untreated or treated with ampicillin as described in Materials and
Methods. A) Mice were sacrificed and spleens were harvested at days 1, 2, 3, 4, and day 6
post-infection and plated as described in Materials and Methods for assessment of bacterial
load. Results shown are cumulative from three independent experiments, with 2-3 mice per
timepoint. B-C) Spleens harvested at the indicated timepoints were stained for Kb/
SIINFEKL expression and enumerated using R-PE MESF beads. B, Representative example
of Kb/SIINFEKL staining vs. isotype control at 48 h. C, Cumulative results from 3 mice/
group/timepoint demonstrated that Kb/SIINFEKL expression in ampicillin-treated mice at
days 2 and 3 post-infection was lower than untreated mice. D-F) Recipients of OT-I T cells
were analyzed for the kinetics and magnitude of expansion at days 6, 10, 13, 21, and 30
post-LM-OVA infection. Data shown in C are representative results of the frequency of
Thy1.1+CD8+ T cells from four independent experiments of 5 mice per group, per
experiment. Data shown in D are a representative example of frequency of Thy1.1+ of CD8+

T cells at day 30 post-infection. Data shown in E are representative results of the frequency
(left) and absolute number (right) of Thy1.1+CD8+ T cells detected at day 30 post-infection
from three independent experiments of 5 mice per group, per experiment. There is no
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statistically significant difference in the absolute number of Thy1.1+ CD8+ memory T cells
between groups (p=0.8413).
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Figure 2. Limiting the duration of infection and peptide presentation results in long-term skin
graft acceptance following CTLA-4 Ig and anti-CD154 treatment
LM-OVA infected, OT-I-transferred recipient mice received mOVA skin grafts and, where
indicated, received CTLA-4 Ig alone, anti-CD154 alone, or a combination of the two on
days 0, 2, 4, and 6 post transplantation as described in Materials and Methods. A) Untreated
controls uniformly experienced graft rejection with accelerated kinetics as compared to
naïve mice (MST 11 and 13.5 d for no amp vs amp, respectively), whereas B) costimulation
blockade-treated animals receiving ampicillin treatment went on to long-term graft survival
(MST 180 d, as compared to 13 d for mice that did not receive ampicillin treatment,
p<0.001). Mice that rejected between days 179 and 196 are depicted as having rejected at
day 180 post-transplant. C) Recipients experiencing limited antigen exposure demonstrated
rejection with CTLA-4 Ig and anti-CD154 alone (MST 11 and 12.5 d, respectively) whereas
naïve skin graft recipients under single pathway blockade experienced prolonged graft
survival (MST 22 and 189 d, respectively). p=0.0013 for CD28 blockade and p=0.0003 for
CD154 blockade as compared to untreated controls. Results shown are from four
independent experiments, each experiment with five mice per group.
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Figure 3. Effector T cells generated under limited antigen stimulation show similar cytokine
profiles and decreased KLRG-1 expression
Mice infected with LM-OVA after OT-I transfer were either treated with ampicillin or left
untreated and sacrificed 9 days post infection. Splenocytes were harvested for cytokine
production assays and assessment of phenotypic expression markers. A-C) Splenocytes from
LM-OVA-infected OT-I recipients were restimulated in vitro with SIINFEKL peptide for 4
hours, and analyzed for the presence of intracellular IFN-γ, TNF, and IL-2. Untreated and
treated mice showed similar levels of production of IFN-γ, IL-2, and TNF production. Data
shown in A are representatives of three independent experiments, where n=5 animals per
group per experiment. Data in B and C summarize data for all three independent

Floyd et al. Page 16

J Immunol. Author manuscript; available in PMC 2012 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



experiments. D) Thy1.1+ CD8+ T cells from untreated or ampicillin-treated mice were
analyzed for surface expression of activation markers. Results indicated decreased KLRG-1
expression on Thy1.1+CD8+ T cells from ampicillin-treated recipients as compared to
untreated controls (p<0.001). Results shown in D are cumulative mean fluorescence
intensities of Thy1.1+ CD8+ T cells of two-four separate experiments, for a total of five-15
mice per group.
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Figure 4. Memory CD8+ T cells generated under conditions of limited antigen results in similar
levels of cytokine production and similar phenotypic profiles
Mice infected with LM-OVA after OT-I transfer were either treated with ampicillin or left
untreated, sacrificed 30 days post infection and splenocytes were harvested for cytokine
production assays and assessment of phenotypic expression markers. A-C) Splenocytes from
LM-OVA-infected OT-I recipients were restimulated in vitro with SIINFEKL peptide for 4
hours, and analyzed for the presence of intracellular IFN-γ, TNF, and IL-2. Untreated and
ampicillin-treated mice showed similar levels of production of IFN-γ, IL-2, and TNF. Data
shown in A are representatives of two independent experiments, where n=5 animals per
group per experiment. Data in B show summary data for both independent experiments. D)
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CD8+Thy1.1+ T cells from untreated or ampicillin-treated recipients were analyzed at day
30 post-infected for expression of CD62L, CD127, KLRG-1. CD28, and CD25. Mean
fluorescence intensities of Thy1.1+ CD8+ T cells of two separate experiments are shown, for
a total of five- 10 mice per group.

Floyd et al. Page 19

J Immunol. Author manuscript; available in PMC 2012 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Memory T cells primed under conditions of limited antigen exposure exhibit
diminished recall responses in the presence of costimulation blockade
A) Experimental design schematic showing that untreated or ampicillin-treated LM-OVA
infected animals were grafted with an OVA-expressing skin graft at day 30 post-infected.
Mice were then left untreated or treated with CTLA-4 Ig and anti-CD154 as described in
Materials and Methods. Six days after transplantation, splenocytes and draining lymph
nodes were harvested for cytokine production assays and assessment of phenotypic
expression markers. B, C) Frequencies of Thy1.1+ CD8+ T cells were analyzed in spleen.
Frequencies shown are %Thy1.1+ of total CD8+ T cells. *p<0.05 as compared to untreated
controls receiving neither ampicillin nor costimulation blockade. C, right panel) Absolute
numbers were calculated using TruCount analysis. *p<0.05 as compared to untreated
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controls receiving neither ampicillin nor costimulation blockade. Results shown are
representative (B) and summarized data (C) from three independent experiments with a total
of 8-10 mice per group. D-F) Splenocytes from indicated groups were harvested on day six
post-transplant and restimulated in vitro to assess cytokine production. Representative flow
plots for IFN-γ/ TNF production (D) and IFN-γ/ IL-2 production (E) are shown. F, Summary
data from two independent experiments with a total of 8-9 mice per group are shown.
Results indicated that whereas costimulation blockade treatment of untreated mice did not
diminish cytokine responses upon recall (p=NS), costimulation blockade treatment of
ampicillin-treated animals resulted in a significant decrease in cytokine producing cells
(*p<0.01).
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