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Abstract

The presence of CD28™ memory CD8 T cells in the peripheral blood of renal transplant patients is
a risk factor for graft rejection and resistance to CTLA-4lg induction therapy. In vitro analyses
have indicated poor alloantigen-induced CD28~ memory CD8 T cell proliferation, raising
questions about mechanisms mediating their clonal expansion in kidney grafts to mediate injury.
Candidate proliferative cytokines were tested for synergy with alloantigen in stimulating CD28~
memory CD8 T cell proliferation. Addition of IL-15, but not IL-2 or IL-7, to co-cultures of CD28~
or CD28" memory CD8 T cells and allogeneic B cells rescued proliferation of the CD28~ and
enhanced CD28* memory T cell proliferation. Proliferating CD28~ memory CD8 T cells produced
high amounts of IFN-y and TNFa and expressed higher levels of the cytolytic marker CD107a
than CD28" memory CD8 T cells. CTLA-4lg inhibited alloantigen-induced proliferation of
CD28*" memory CD8 T cell proliferation but had no effect on alloantigen plus IL-15-induced
proliferation of either CD28~ or CD28* memory CD8 T cells. These results indicate the ability of
IL-15, a cytokine produced by renal epithelial during inflammation, to provoke CD28~ memory
CD8 T cell proliferation and to confer memory CD8 T cell resistance to CTLA-4lg-mediated
costimulation blockade.

Introduction

High frequencies of donor-reactive memory T cells in the peripheral blood of renal
transplant patients prior to transplant is associated with increased incidence of delayed graft
function and poorer long-term outcome of the graft (1, 2). The underlying cause of this risk
of allograft injury is the many memory T cells generated during immune responses to viral
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and bacterial infections and within lymphopenic environments that have high frequencies of
cross-reactivity with allogeneic class I and class 11 MHC molecules (3—-6). During immune
responses in humans, many terminally differentiated memory CD4 and CD8 T cells lose
expression of the costimulatory molecule CD28 (7-11). The loss of CD28 expression is
more often observed on memory CD8, than CD4, T cells and the frequencies of CD28~
memory CD8 T cells increase with aging (12, 13). In vitro studies have indicated that when
compared to their CD28* counterparts, CD28~ memory T cells either have decreased
proliferative responses to antigenic stimulation or are not able to proliferate at all (14-20).

Increased numbers of CD28~ memory T cells in the peripheral blood of renal transplant
recipients are associated with greater risk for poor graft outcome. In lung and renal
transplant patients increased frequencies of CD4*CD28~ T cells are associated with
increased chronic graft dysfunction and rejection (21, 22). Higher percentages of
CD8*CD28~ lymphocytes are also found in long-term kidney graft recipients with chronic
kidney allograft rejection when compared either to recipients with long-term grafts having
stable renal function or to healthy individuals (23). We have also found that higher
frequencies of pre-transplant CD28"NKG2D* memory CD8" T cells in the peripheral blood
of kidney transplant recipients are associated with the incidence of acute cellular rejection
(submitted manuscript in review). Phase 111 studies of a new generation CTLA-4Ig that
blocks the CD28/B7 costimulation pathway reported three-year data demonstrating
improvement in glomerular filtration rate in Belatacept-treated versus cyclosporine-treated
renal transplant patients but that the occurrence of acute rejection was more frequent and
more severe with higher Banff grades in Belatacept- -treated patients within the first 6
months of transplant (24, 25). A potential mechanism for this increase in early and more
intense rejection episodes is the resistance of donor-reactive CD28~ memory T cells to
CTLA-4lg.

The evidence implicating CD28~ memory CD8 T cells as a risk factor for poorer graft
outcome and resistance to CD28-mediated costimulatory blockade is paradoxical to
observations that CD28~ memory CD8 T cells are non- or poorly-proliferating cells. In order
to generate sufficient numbers of effector T cells to mediate graft injury during rejection
episodes, donor-reactive memory T cells mediating this injury would be expected to undergo
clonal proliferation either in the recipient or within the graft. Our recent studies in mouse
transplant models have documented endogenous memory CD8 T cell infiltration into cardiac
allografts within 24 hours of graft reperfusion and their activation in response to graft
allogeneic class | MHC to first proliferate and then produce IFN-y in the graft (26-28). On
this basis we postulated that human CD28~ memory CD8 T cells might require proliferative
signals that are available in vivo but missing in culture models. In this study, we tested
candidate proliferative cytokines that are produced in kidneys during inflammation for the
ability to synergize with alloantigen-presenting cells and provoke CD28~ memory CD8 T
cell proliferation. The results indicate that alloantigen plus IL-15 strongly induces these
memory CD8 T cells to proliferate and express effector functions that are typically used by
memory CD8 T cells to mediate graft tissue injury. Importantly, IL-15 confers CTLA-4lg
resistance of both CD28" and CD28~ memory CD8 T cells to alloantigen driven activation.
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Methods

Peripheral blood mononuclear cells (PBMC) isolation and magnetic separation

Blood (40-50 ml) was collected from healthy volunteers, ages 24—-65. PBMC were isolated
by Ficoll-Hypaque separation (IsoPrep, Robbins Scientific Corporation, Sunnyvale, CA) and
processed to isolate the CD8 memory T cells (CD8*CD45RO*CD45RA™CD56-CD577) by
negative selection using the Human CD8* Memory T Cell Isolation Kit (MACS, Miltenyi
Biotec, Auburn, CA). The unbound CD8 memory T cells were then processed using the
Human CD28 Microbead Kit (MACS, Miltenyi Biotec). The unlabeled CD28~ memory CD8
T cells not bound by the column were collected followed by elution of the CD28* memory
CD8 T cells from the column.

Mixed lymphocytes reaction (MLR)

The isolated CD28" and CD28~ memory CD8 T cells were labeled with carboxyfluorescein
succinimidyl ester (CFSE) (Invitrogen, Carlsbad, CA) at a concentration of 0.5 uM per 107
cells at 37°C for 10 minutes, washed and suspended in culture medium RPMI + 10% human
AB serum. Allogeneic B cell lines from 3 individuals were mixed together for use as
stimulator cells and were treated with 3000 Rad y-irradiation (29). Recombinant human
IL-15 (BioLegend, San Diego, CA), recombinant human IL-2 (Invitrogen, Carlsbad, CA),
and recombinant human IL-7 (BioLegend, San Diego, CA) were added to the cultures. After
24-96 hours, cells were stained with antibodies and CFSE dilution was assessed by flow
cytometry.

Flow cytometry

Isolated PBMC or cultured cells were analyzed for expression of surface markers using
multi-color flow cytometry. Cell aliquots were treated with anti-human Fc mAb for 20
minutes and stained for 30 minutes with selected combinations of fluorochrome-conjugated
antibodies: anti-human CD4-Alexa-PE 700 (Invitrogen, Carlsbad, CA), CD8-APC/Cy7 (BD
Pharmingen, San Jose, CA), CD28-PE (BD Pharmingen, San Jose, CA), CD45RO-PerCP/
Cy5.5 (BioLegend, San Diego, CA), CD25-PE/Cy7 (BioLegend, San Diego, CA), CD127-
APC (BioLegend, San Diego, CA), ICOS-PerCP/Cy5.5 (BioLegend, San Diego, CA),
IL15Ra (CD215)-PerCP (R&D systems, Minneapolis, MN), and CD107a-PE/Cy5 (BD
Pharmingen, San Jose, CA). The cells were analyzed on a BD LSR Il (BD Biosciences, San
Jose, CA). Flow cytometry data was analyzed by FlowJo software version 9.4.5 (Tree Star,
Inc. Ashland, OR).

gqPCR analysis

Cells were harvested and stored at —80°C in RNAlater. RNA was isolated using the RNeasy
Micro Kit (Qiagen). The entire RNA sample was reverse transcribed in a 20 ul reaction
using the High Capacity cDNA Reverse Transcription Kit (Life Technologies). cDNA
aliquots were analyzed by qPCR using 1 ul of inventoried TagMan assay for 18S rRNA
(Hs99999901_s1) or IL-15ra (Hs00542604_m1) and 10 ul of Fast Universal Master Mix in a
20 ul reaction. Gene expression was quantified by the 2-24C+ method (30).
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Assessment of effector function

CD28" and CD28~ memory CD8 T cells were stained and analyzed for Lysosomal-
associated membrane protein 1 (LAMP-1/CD107a) using anti-CD107a-PE/Cy5 mAb (BD
Pharmingen, San Jose, CA). Culture supernatants were collected, stored at -80° C and
subsequently analyzed for IFN-y by Human IFN-gamma DuoSet (R&D systems,
Minneapolis, MN) and TNF-a by Human TNF-alpha DuoSet (R&D systems, Minneapolis,
MN) as detailed in the manufacturer’s instructions.

Statistical analysis

Results

All analyses were performed by JMP software version 9.0 (SAS Institute Inc., Cary, NC).
Values are shown as mean + SEM. Comparison of mean values was tested using the standard
ttest for independent samples (two-tailed). Wilcoxon rank test was used when the
continuous data was not normally distribute. Two-sided p values < 0.05 were considered to
indicate statistical significance.

CD28-CD8* memory T cells proliferate poorly to allogeneic stimulators in vitro

cD28nulicpg

CD28" and CD28~ memory CD8* memory T cells were isolated by magnetic separation,
labeled with CFSE and co-cultured with a mixture of 3 allogeneic B cell lines to increase the
number of potential allogeneic class | HLA targets presented to each test T cell sample. The
purity of the RO*CD28*CD8* memory T cells was greater than 95% and that of RO
*CD28~CD8" memory T cells greater than 90%. Proliferation of the CFSE-labeled memory
CDS8™ T cell populations was compared four days after culture initiation,. The allogeneic B
cells induced strong CD28* memory CD8 T cell proliferation whereas CD28~ memory CD8
T cell proliferation was low-absent (Figure 1).

* memory T cells proliferate with addition of IL-15 to the culture

Candidate T cell proliferative cytokines were tested for the ability to induce CD28~ memory
CD8 T cell proliferation in the cultures. Since 1L-15 is required for maintenance of memory
CD8 T cell levels (31, 32), this was tested first. CD28* and CD28~ memory CD8 T cells
were isolated, labeled with CFSE, and cultured for 96 hours with pooled allogeneic B cells
in the presence of various doses of recombinant human IL-15. The absence of CD28~
memory CD8 T cell proliferation during culture with allogeneic B cells was reversed by
addition of as little as 10 ng/ml of IL-15 to the cultures and this proliferation increased with
increasing amounts of the cytokine added (Figure 2). Addition of IL-15 also increased the
number of proliferation cycles of CD28* memory CD8 T cells versus that observed in co-
cultures with allogeneic B cells alone. Proliferation of the CD28™ memory CD8 T cells
required both allogeneic stimulation plus IL-15, as no proliferation was observed in cultures
without allogeneic B cells except in cultures with high amounts (100 ng/ml) of IL-15. Peaks
of non-proliferating memory CD8 T cells observed with added I1L-15 were similar in all
cultures, consistent with low dose 1L-15 enhancement of CD28" and CD28~ memory CD8 T
cell proliferation restricted to T cells reactive to the allogeneic B cells. Proliferation of the
CD28™ and CD28" memory CD8 T cells in cultures with allogeneic stimulator cells plus
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IL-15 was detectable as early as 72 hours after culture initiation (Figure 3). In contrast,
proliferation of CD28* memory CDS8 T cells cultured with allogeneic B cells in the absence
of 1L-15 was not detected until 96 hours after culture initiation (data not shown).

The ability of other T cell proliferative cytokines, IL-2 and IL-7, to provoke proliferation of
the CD28~ and CD28* memory CD8 T cells during culture with allogeneic B cells was
compared with IL-15 induced proliferation of the T cells. Equivalent amounts (10 ng/ml) of
recombinant human IL-15, IL-2 or IL-7 were added at the initiation of CFSE-labeled CD28~
and CD28* CD8 memory T cell co-cultures with pooled allogeneic B cells and after 96
hours memory CD8 T cell proliferation was assessed. Of the 3 test cytokines, only IL-15
induced proliferation of the CD28™ memory CD8 T cells (Figure 4A). Whereas IL-15
strongly enhanced the proliferation of the CD28* memory CD8 T cells, proliferation of
these T cells was modestly enhanced by addition of IL-2 or IL-7 to the cultures. Cumulative
data from 4 individual experiments confirmed the 1L-15 mediated enhancement of
proliferation of both memory CD8 T cell populations and the modest effects of IL-2 and
IL-7 on CD28~ memory CD8 T cell proliferation and the modest effects on CD28* memory
CD8 T cell proliferation (Figure 4B). These studies were extended by titrating amounts of
the IL-15, IL-2 and IL-7 added to the co-cultures of isolated CD28~ memory CD8 T cells
and allogeneic B cells (Figure 4C). Consistent with the previous results addition of 25 or 100
ng/ml of IL-2 or IL-7 had modest effects in stimulating proliferation of the CD28™ memory
CD8 T cells when compared to the proliferation induced by equivalent amounts of I1L-15.

Proliferating CD28-CD8* memory T cells upregulate expression of activation markers

CD8 memory T cells were stained with fluorochrome-conjugated antibodies to detect
selected activation markers including CD25, CD127, CD45R0, ICOS and CD215 (IL15
receptor a chain) at the start of culture and 96 hours after culture with pooled allogeneic B
cells and 10 ng/ml IL-15. The fluorescent intensity of stained cells was compared between
proliferating and non-proliferating cells. Upon proliferation, both CD28~ and CD28*
memory CD8 T cells expressed high levels of CD25 and ICOS when compared to non-
proliferating cells (Figure 5A). The expression levels of the IL-2 receptor a chain, CD25,
and ICOS were comparable between the proliferating CD28~ and CD28* memory CD8 T
cells and addition of IL-15 did not increase expression of these markers in the CD28*
memory CD8 T cells. In contrast, the IL-7 receptor a. chain, CD127, decreased slightly in
proliferating CD28~ and CD28* memory CD8 T cells when compared to non-proliferating
cells. Expression of the IL-15 receptor a chain, CD215, was low-absent on both
proliferating and non-proliferating CD28~ and CD28* memory CD8 T cells.

The function of CD25 expression on proliferating CD28~ memory CD8 T cells after
stimulation with allogeneic B cells plus IL-15 was tested. Cultures of CFSE-labeled CD28~
memory CD8 T cells and pooled allogeneic B cell stimulators were initiated in the presence
of 10 ng/ml IL-15. After 24 hours, the culture supernatant was carefully removed and
replaced with media alone or media containing 10 ng/ml IL-2 and the cells were analyzed
for proliferation 72 hours later. IL-2 was also added in separate wells without removal of the
media containing IL-15. Removal of IL-15 at 24 hours and replacement with media alone
blunted proliferation of CD28~ memory CD8* T cells (Figure 5B). Addition of IL-2 at 24
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hours after culture initiation with IL-15 enhanced proliferation of CD28™ memory CD8 T
cells whether IL-15 media was removed 24 hours after culture initiation or not, indicating
that continuous stimulation with either IL-2 or IL-15 was required to provoke optimal
proliferation of the IL-15 sensitized alloreactive memory T cells.

Expression of the I1L-15 receptor a chain by CD28~ or CD28* memory CD8 T was further
tested by gRT-PCR of RNA isolated from CD28~ and CD28" memory CD8 T cells cultured
with allogeneic B cells plus IL-15 (Figure 5C). Both CD28~ and CD28* memory CD8 T
cells expressed low levels of 1L-15 receptor a mRNA within 48 hours after allogeneic
stimulation and this expression increased markedly within another 24 hours of culture, with
the highest expression observed by the CD28~ versus CD28" memory CD8 T cells.

Proliferating CD28-CD8* memory T cells express effector functions

The cytotoxic effector function of primary effector CD8 and memory CD8 T cells is
mediated in part by perforin and granzyme B stored in cytolytic granules that are released
upon contact with target cells. The membrane of these cytolytic granules is lined by
LAMP-1, CD107a, which is expressed on the cell surface following this degranulation and
the level of CD107a expression correlates with cytotoxic activity (33, 34). The expression of
CD107a was tested on proliferating CD28~ and CD28* memory CD8 T cells during culture
with pooled allogeneic B cells with or without IL-15 (Figure 6A). Both proliferating and
non-proliferating CD28~ and CD28* memory CD8 T cells expressed low levels of CD107a
during early cycles of proliferation and expressed higher levels with increased proliferative
cycles (Figure 6B). Within similar proliferative cycles, CD28~ memory CD8 T cells
expressed higher levels of CD107a when compared to CD28* memory CD8 T cells (Figure
6B).

Culture supernatants were harvested after 96 hours and tested for memory CD8 T cell
production of IFN-y and TNF-a.. Both CD28~ and CD28" memory CD8 T cells produced
IFN-y during culture with allogeneic B cells and IFN-y production by CD28", but not by
CD28*, memory CD8 T cells was significantly enhanced by IL15 (Figure 6C). Similarly,
CD28™ memory CD8 T cells produced low levels of TNFa during culture with allogeneic B
cells and this production was enhanced by IL-15. In contrast to IFN-y production, CD28*
memory CD8 T cell production of TNFa was also significantly enhanced by IL-15.
Addition of IL-15 to CD28~ or CD28* memory CD8 T cells in the absence of allogeneic
stimulation did not induce IFN-y or TNFa production.

IL-15 confers resistance of alloantigen-induced proliferation of CD28* and CD28~ memory
CD8* memory T cells to costimulation blockade with CTLA-4Ig

To begin to assess the proliferation of memory CD8 T cells in the presence of CD28/B7
costimulation blockade, 100 ug/ml of CTLA-41g was added at the initiation of PBMC co-
cultures with allogeneic B cells with or without IL-15 (Figure 7A) and the proliferation of T
cells in the PBMC cultures was analyzed by flow cytometry after 96 hours. CTLA-4lg
markedly inhibited proliferation of the T cells in response to allogeneic stimulation (Figure
7A), but IL-15 restored the proliferation of the alloreactive T cells in the presence of
CLTA-4lg. The impact of CTLA-4lg on the proliferation of isolated CD28" and CD28~
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memory CD8 T cells was then tested (Figure 7B). Similar to the PBMC, addition of
CTLA-4lg had a marked inhibitory effect on the alloantigen-induced proliferation of the
CD28* memory CD8 T cells but this inhibition was nullified in the presence of IL-15.
Similarly, the proliferation of CD28™ memory T cells induced by allogeneic B cells plus
IL-15 was resistant to addition of CTLA-4lg to the cultures. Cumulative data from 4
individual experiments confirmed that addition of CTLA-4lg inhibited proliferation of
CD28*" memory CD8 T cells during co-culture with allogeneic B cells but that this inhibition
was nullified by addition of IL-15 (Figure 7C). CTLA-41g was also completely ineffective at
inhibiting the proliferation of CD28™ memory CD8 T cells cultured with allogeneic B cells
in the presence of IL-15.

Finally, the down-regulation of CD28 expression on proliferating CD28* memory CD8 T
cells in the presence of IL-15 was investigated as a potential mechanism underlying the
resistance of the alloreactive CD28" memory T cells to CTLA-4lg mediated costimulation
blockade (Figure 7D). Proliferating T cells from cultures of CD28* memory CD8 T cells
and allogeneic B cells in the absence of IL-15 had slight decreases in CD28 expression when
compared to non-proliferating CD28" memory CD8 T cells. In contrast, proliferating CD28*
T cells in allogeneic B cells plus IL-15 co-cultures had further decreases in CD28 expression
with almost 40% of the proliferating T cells completely transitioning to CD28~ cells. These
decreases in CD28 expression on proliferating CD28* memory T cells in cultures with
allogeneic B cells with versus without IL-15 were more accurately depicted when the
histograms of the proliferating T cells from each of the cultures were overlaid (Figure 7D).

Discussion

Accumulation of CD28~ memory CD8* T cells is a prominent feature of age-associated
changes in T cell function (12, 13). The increased accumulation of CD28~ memory T cells
with age presents a particular problem in clinical transplantation as the incidence of end-
stage organ disease also increases with age. Increased frequencies of CD28™ memory T cells
in renal transplant patients prior to the transplant are associated with increased incidence of
acute and chronic graft injury (21-23). We have observed an association between increased
frequencies of CD28™ memory CD8 T cells and acute rejection within the first two years in
renal transplant patients given anti-thymocyte globulin at the time of transplant (manuscript
submitted). Yet a proposed role for CD28™ memory T cells in graft rejection is not consistent
with studies reporting suboptimal or absent proliferation of these T cells in response to
culture with antigens or mitogens (14-20). Since T cell mediated graft injury and rejection
requires clonal expansion to generate sufficient numbers of donor-reactive T cells to mediate
the injury, it remained unclear if donor-reactive CD28~ memory CD8 T cells could expand
to achieve sufficient numbers in response to a graft.

We reasoned that differences in the conditions in allogeneic mixed lymphocyte cultures from
the inflammatory conditions induced in an allograft are likely to underlie observations of the
poor proliferation of CD28™ memory CD8 T cells in vitro. Consistent with studies testing
anti-T cell receptor- or mitogen-mediated activation (16, 19, 35), we report that isolated
CD28~ memory CD8* T cells do not proliferate during culture with allogeneic B cells.
However, robust proliferation of the CD28™ memory CD8 T cells is provoked when IL-15,
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but not IL-2 or IL-7, is added to the co-cultures and proliferation of the CD28* memory
CD8 T cells is further enhanced in the presence of IL-15. IL-15 was considered as a primary
candidate that might induce the proliferation of alloreactive CD28™ memory CD8 T cells
based on two sets of studies from many other laboratories. First, studies from many
laboratories have demonstrated that 1L-15 induces the proliferation of primary effector and
memory CD8 T cells during responses to viruses, bacteria, and allografts and provides
critical signals for the development and homeostasis of memory CD8 T cells, NK cells and
NK T cells (36—-41). Importantly in the context of acute graft injury, IL-15 also induces CD8
T cells and NK cells to express cytotoxic activity (42—45). Second, in response to
inflammatory stimuli 1L-15 is produced by many different cells that memory CD8 T cells
encounter in allografts including endothelial cells, epithelial cells, fibroblasts, dendritic cells,
and monocytes (36, 37, 39). Production of IL-15 is upregulated in many autoimmune and
chronic inflammatory disorders as well as in grafts shortly after reperfusion and production
by renal graft tubular epithelial cells has been implicated in the development of post-
transplant renal tubulitis (46-53). Furthermore, systemic blockade of IL-15 in mouse and
non-human primate models results in substantial prolongation in allograft survival (54-56),
implicating IL-15 as a key cytokine in the development of CD8 T cell mediated allograft
injury. As anticipated, IL-15 production by the B cell lines used as allogeneic stimulator
cells in our studies is not detected (O. Traitanon, data not shown).

IL-15 binds to the induced IL-15 receptor a chain in complex with the IL-2R/IL-15R
(CD122) and the common gamma (y.) chain (CD132) to deliver proliferative signaling to
CD8 T cells and NK cells. Consistent with the IL-15 driven proliferation, memory
CD287CD8 T cells stimulated with allogeneic B cells induced IL-15 receptor a chain
expression within two days of culture initiation. PCR analysis of alloantigen stimulated cells
indicated higher expression of the I1L-15 receptor a chain in the CD28~ versus CD28*
memory CD8 T cells suggesting either the presence of mechanisms regulating this
expression following T cell receptor engagement with allogeneic class | MHC between the
two memory CD8 T cell populations or differences in the frequencies of alloreactive cells in
the two populations. Preliminary studies using ELISPOT assays indicate that the CD28~
memory CD8 T cells do not have higher alloreactive frequencies when compared to the
CD28* memory CD8 T cells (J. Bechtel, data not shown). Importantly, IL-15 did induce the
CD28~ memory CD8 T cells to express CD25 and conferred responsiveness of the T cells to
IL-2-mediated proliferative signaling. Since memory CD4 T cells also infiltrate grafts and
are activated to produce IL-2, the presence of I1L-15 is likely to synergize with the IL-2 to
enhance proliferation of the CD28™ memory CD8 T cells within the graft.

IL-15 also induced CD28~ and CD28* memory CD8 T cells to express the costimulatory
molecule ICOS and CD107a, an indicator of cytolytic function. Within similar proliferative
cycles, CD28™ memory CD8 T cells had higher CD107a expression when compared to
CD28*" memory CD8 T cells (Figure 7B), suggesting greater sensitivity to IL-15 through the
increased expression of the IL-15 receptor a chain. These results are consistent with
observations of increased cytolytic activity by human CD28~ versus CD28* memory CD8 T
cells (15, 18, 57). In a mouse model, allograft-infiltrating memory CD8 T cell proliferation
induces expression of ICOS and interaction of ICOS with its ligand B7RP-1 within the graft
is required for memory CD8 T cell expression of effector function to produce IFN-y (26).
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The possible ICOS-induced production of IFN-y and/or expression of CD107a by CD28~ or
CD28" memory CD8 T cells are currently under investigation.

The source of IL-15 that would induce the proliferation and activation of the CD28~
memory CD8 T cells in response to and within grafts is unknown at this time. One potential
source is that IL-15 is produced in peripheral lymphoid tissues during CD28~ memory CD28
T cells interaction with alloantigen. Lymphoid endothelial cells, monocyte/macrophages
and/or dendritic cells may produce and/or present IL-15 to provoke activation of the memory
CD8 T cells interacting with donor-derived antigen-presenting cells in the spleen. However,
our previous and current studies in mouse models do not indicate memory CD8 T cell
proliferation in allograft recipient spleens and that it is in within the allograft that memory
CD8 T cells are stimulated to proliferate (26, 58). In order to become activated to infiltrate
the allograft, the CD28~ memory CD8 T cells would have to come to arrest on the allograft
endothelium and IL-15 would have to be trans-presented by the graft endothelium. This
presented I1L-15 could be potentially produced directly by the graft endothelial cells, by
tubular epithelial cells in the case of kidney grafts, or by donor- or recipient-derived
monocytes/macrophages that are interacting with the endothelial as well as within the
inflammatory environment in the graft. These possible mechanisms require the endothelium
to acquire the IL-15 produced within the graft and present it to the CD28™ memory CD8 T
cells. In support of such a potential mechanism in allografts, recent studies have documented
the trans-presentation of IL-15 by endothelial cells to activate memory T cells and NK cells
(59, 60).

Alloantigen-induced proliferation of CD28* memory CD8 T cells and peripheral blood T
cells was completely inhibited in the presence of CTLA-4lg in the co-cultures. However,
sensitization of CD28~ and CD28* memory CD8 T cells with IL-15 conferred resistance to
CTLA-4 1g, suggesting a potential role for both CD28~ and CD28* memory CD8 T cells in
the higher early rejection rate observed in the Belatacept study (61). It is important to note
that approximately 60% of the proliferating alloantigen-reactive CD8 memory T cells
retained low expression of CD28 and yet remained resistant to the presence of CTLA-4lg.
This suggests that down-regulation of CD28 expression may not be the sole mechanism by
which 1L-15 signaling confers resistance of CD28* memory CD8 T cells to CTLA-4Ig
mediated costimulation blockade. The ability of TNFa to down regulate CD28 expression
on human T cells stimulated with anti-T cell receptor antibody has been previously reported
(62, 63), but whether this occurs during alloantigen-induced activation of CD28~ and/or
CD28" memory CD8 T cells is unknown and warrants further investigation, particularly in
light of the availability of TNFa neutralizing reagents approved for clinical use.

In summary, we have demonstrated that CD28~ memory CD8 T cells are activated to
proliferate and express effector functions in response to allogeneic cells when IL-15 is
present, supporting this as an underlying mechanism of CD28~ memory CD8 T cell
mediated allograft injury. Furthermore, the production of 1L-15 within grafts has the added
detrimental effect of conferring resistance of donor-reactive CD28" memory CD8 T cells to
CTLA-4lg. These results suggest that the risk of memory CD8 T cell mediated graft injury
is dependent not only on the frequency of the donor-reactive memory T cells but on the
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constituents of the inflammatory environment that dictate both the functional activities of the
infiltrating memory T cells and their ability to resist immunosuppression.
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Figure 1. CD28" but not CD28~ memory CD8 T cells proliferate in response to allogeneic

stimulation

(A) CD28* and CD28~ RO* CD8 T cells were isolated from peripheral blood mononuclear
cells, labeled with CFSE, and aliquots cultured with a mixture of 3 different allogeneic B
cell lines. After 96 hours, the cells were collected, washed and the dilution of CFSE by the
CD8 T cells was analyzed in a histogram as an indication of proliferation. Representative
results from a single experiment of 6 different experiments having similar results in each are
shown. (B) Cumulative data of proliferating memory CD28* vs. CD28~ memory CD8 T
cells from the 6 different experiments is shown with mean percent proliferation of each T
cell population + SD. *p < 0.01
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Figure 2. Addition of IL-15 rescues the proliferation of CD28~ memory CD8" T cells alone in
response to alloantigen stimulation

CD28" and CD28~ RO* CD8 T cells were isolated from peripheral blood mononuclear cells,
labeled with CFSE, and aliquots cultured with or without a mixture of 3 different allogeneic
B cell lines in the absence or presence of the indicated amounts of recombinant I1L-15. After
96 hours, the cells were collected, washed and the dilution of CFSE by the CD8 T cells was
analyzed in a histogram as an indication of proliferation. Representative results from a single
experiment of 4 different experiments having similar results in each are shown.
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Figure 3. IL-15 accelerates the proliferation of CD28% memory CD8 T cells during activation by

alloantigen

CD28" and CD28~ RO* CD8 T cells were isolated from peripheral blood mononuclear cells,
labeled with CFSE, and aliquots cultured with a mixture of 3 different allogeneic B cell lines
in the absence or presence of 10 ng/ml of recombinant IL-15. At the indicated time after
culture initiation, the cells were collected, washed and the dilution of CFSE by the CD8 T
cells was analyzed in a histogram as an indication of proliferation. Representative results
from a single experiment of 4 different experiments having similar results in each are shown.
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Figure 4. Proliferation of alloreactive CD28™ memory CD8 T cells is rescued by IL-15 but not
IL-2 or IL-7

(A) CD28* and CD28~ RO* CD8 T cells were isolated from peripheral blood mononuclear
cells, labeled with CFSE, and aliquots cultured with or without a mixture of 3 different
allogeneic B cell lines in the absence or presence of 10 ng/ml of recombinant IL-15, IL-2 or
IL-7. After 96 hours, the cells were collected, washed and the dilution of CFSE by the CD8
T cells was analyzed in a histogram as an indication of proliferation. Representative results
from a single experiment of 4 different experiments having similar results in each are shown.
(B) Cumulative data of proliferating memory CD28* vs. CD28~ memory CD8 T cells from
the 4 different experiments is shown with mean percent proliferation of each T cell
population = SD. *p < 0.001 for CD28™ cells with allogeneic B cells plus IL-15 vs. all other
groups and **p < 0.01 for CD28* cells with allogeneic B cells plus IL-15 vs. T cells
cultured with B cells only. (C) CD28~ RO* CD8 T cells were isolated from peripheral blood
mononuclear cells, labeled with CFSE, and aliquots cultured with or without a mixture of 3
different allogeneic B cell lines in the absence or presence of the indicated concentrations of
recombinant I1L-15, IL-2 or IL-7. After 96 hours, the cells were collected, washed and the
dilution of CFSE by the CD8 T cells was analyzed and the proliferation observed reported as
in Figures 2 and 3. Representative results from a single experiment of 3 different
experiments having similar results in each are shown.
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Figure 5. IL-15 induces proliferation of alloantigen-reactive CD28™ memory CD8 T cells and
their expression of activation markers

(A) CD28* and CD28~ RO* CD8 T cells were labeled with CFSE and aliquots cultured with
allogeneic B cells plus 10 ng/ml of recombinant IL-15. After 96 hours, the cultured cells
were stained with fluorochrome labeled antibodies to detect expression of CD25, CD127,
CD215 and ICOS on gated T cells that were (blue line) or were not (red line) proliferating as
assessed by CFSE dilution. Representative results from a single experiment of 5 different
experiments having similar results in each are shown. (B) CD28~ memory CD8 T cells were
isolated, labeled with CFSE, and aliquots cultured with pooled allogeneic B cells in culture
media with 10 ng/ml IL-15. After 24 hours, the IL-15 supernatant was removed and replaced
with media alone or media with 10 ng/ml IL-2. IL-2 was also added without removal of
IL-15. All cells were analyzed for proliferation at 96 hours after culture initiation.
Representative results from a single experiment of 4 different experiments having similar
results in each are shown. (C) CD28* and CD28~ RO* CD8 T cells were isolated, labeled
with CFSE, and aliquots cultured with or without allogeneic B cell lines in the presence of
10 ng/ml 1L-15. After 48 or 72 hours, the cells were collected and whole cell RNA isolated
for PCR analysis of 1L-15 receptor a chain. The results indicate the mean relative
quantitation (RQ) of IL-15Ra in the memory CD8 T cells cultured alone or with allogeneic
B cells + SD for 4 individual samples. *p < 0.01 for expression of CD28~ vs. CD28"
memory T cells.
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Figure 6. IL-15 induced effector function of alloantigen reactive CD28~ and CD28" memory
CD8 T cells

(A) CD28* and CD28~ RO* CD8 T cells were labeled with CFSE and aliquots cultured with
allogeneic B cell lines with 10 ng/ml of recombinant IL-15. After 96 hours, the cultured
cells were stained with fluorochrome labeled antibodies to detect expression of CD107a
expression. The CFSE dilution patterns were used to gate the T cells into non-proliferating
(gate A), early proliferating (gate B) and late proliferating (gate C) cells and the expression
levels of CD107a on T cells in each gate were determined. Representative results from a
single experiment of 4 different experiments having similar results in each are shown. (B)
CD107a expression was compared by overlaying histograms of late proliferating CD28~
(red) and CD28* (green) memory CD8 T cells following 96 hours of culture with allogeneic
B cells plus I1L-15. (C) After 96 hours, supernatants were removed from cultures of CD28*
and CD28~ RO* CD8 T cells with allogeneic B cells plus 10 ng/ml IL-15. Production of
IFN-y and TNF-a was tested by ELISA and expressed as mean concentration + SD for 4
samples per group. *p < 0.01 for cultures with I1L-15 vs. those without I1L-15.
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Figure 7. IL-15 confers resistance of alloreactive memory CD8 T cells to CD28 costimulatory

blockade

(A) Peripheral blood mononuclear cells (PBMC) were labeled with CFSE cultured with
irradiated pooled allogeneic B cells +/- 10 ng/ml IL-15 in the presence of absence of 100
ug/ml CTLA-4lg. Proliferation of the (CD3*) T cells was analyzed by flow cytometry 96
after initiation of the cultures. (B) Proliferation of CD28* versus CD28~ memory CD8 T
cells alone or in response to allogeneic B cells plus 10 ng/ml IL-15 in the presence or
absence of 100 ug/ml CTLA-4lg. (C) Cumulative data from 4 separate experiments
indicating the ability of IL-15 to confer resistance of alloantigen-reactive memory CD8 T
cell or peripheral blood T cell proliferation to CTLA-4lg. *p < 0.01 compared to all cultures
with CTLA-4Ig but without IL-15. (D) Isolated CD28* memory CD8 T cells were labeled
with CFSE and cultured with pooled allogeneic B cells in the presence or absence of 10
ng/ml IL-15. After 96 hours, the cultured cells were washed and stained with anti-CD28
mADb and the expression of CD28 on non-proliferating and proliferating CD8 T cells was
determined by flow cytometry. In the third (far right)panel, the expression of CD28 was
compared on proliferating CD28* memory CD8 T cells following 96 hours of cultures with
the allogeneic B cells +/- IL-15 by overlaying the histograms from each of the other two

panels.
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