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Abstract
Tacrolimus impairs allo- and viral-specific T cell responses. Belatacept, a costimulation-based
alterative to tacrolimus, has emerged with a paradoxical picture of less complete control of
alloimmunity with concomitant impaired viral immunity limited to viral-naïve patients. To
reconcile these signatures, bulk population and purified memory and naïve lymphocytes from
Cytomegalovirus (CMV) seropositive (n=10) and seronegative (n=10) volunteers were studied
using flow cytometry, interrogating proliferation (CFSE dilution) and function (intracellular
cytokine staining) in response to alloantigens or CMV-pp-65 peptides. As anticipated, T cells from
CMV-experienced, but not naïve, individuals responded to pp-65 with a small percentage of their
repertoire (<2.5%) consisting predominantly of mature, polyfunctional (expressing IFN-γ, TNF-α,
and IL-2) T effector memory cells. Both CMV naïve and experienced individuals responded
similarly to alloantigen with a substantially larger percentage of the repertoire (up to 48.2%)
containing proportionately fewer polyfunctional cells. Tacrolimus completely inhibited responses
of CMV- and allo-specific T cells regardless of their maturation. However, belatacept’s effects
were decreasingly evident in increasingly matured cells, with minimal effect on viral-specific
triple cytokine producers and CD28 negative allospecific cells. These data indicate that
belatacept’s immunosuppressive effect, unlike tacrolimus’s, wanes on progressively developed
effector responses, and may explain the observed clinical effects of belatacept.
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Introduction
Calcineurin inhibitors (CNIs) such as tacrolimus inhibit naïve and memory T cell activation
by blocking downstream signaling of the T cell receptor (TCR), and in doing so effectively
suppress alloimmunity in transplant recipients(1–2). Unfortunately, CNIs similarly impair
established host protective immunity, and result in lifelong increased risks of viral infection,
and in particular, reactivation of latent herpesviruses including cytomegalovirus (CMV)(3–4).
Therefore, patients treated with tacrolimus present with a consistent phenotype of
immunosuppression, enjoying relatively low rejection rates at the expense of impaired viral
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immunity. CNIs also have numerous off-target side effects that have impelled a quest for
agents with greater allospecificity(5–7).

Belatacept, a B7-specific fusion protein, has recently been approved as a CNI alternative in
kidney transplantation. Belatacept is highly specific for its target molecules and thus lacks
off-target side effects. However, early clinical experience with belatacept has presented a
paradoxical and variable phenotype of immunosuppression. Specifically, belatacept patients
have had substantially higher rejection rates than patients treated with CNIs, but at the same
time have retained a clinical picture of impaired viral immunity. Interestingly, the risk for
viral illness appears most evident in viral-naïve individuals subsequently exposed to viral
pathogens, with viral experienced individuals being relatively spared(8–10). This has
suggested to some that belatacept could have differential effects based on responses to
different antigens, e.g. be more suppressive to viral specific responses and less suppressive
to allo-specific responses. Alternatively, belatacept’s influence could vary as a function of
unique and distinguishing properties that differentiate the allo- and viral-specific repertoires
in general.

We therefore sought to better understand a mechanism by which CNIs and belatacept, both
immunosuppressive medications, could present with starkly different immune effects versus
viral- or allo-specific targets. We hypothesized that the maturation state characteristic of
ones typical viral- or allo-specific T cell repertoire could explain the clinically observed
difference. Specifically, the evolutionarily conserved response to a virus is highly focused,
and comprised of T cells with defined specificity and matured functionality against a small
number of cognate antigens derived from tight T cell receptor interactions with viral
peptides expressed by self MHC. This differs substantially from the more stochastic
response to alloantigen, which is comprised of cross reactive cells that vary from person to
person with regards to the degree of functional maturity, and emerge through TCR-MHC
interactions of more variable, and generally lower, affinity. As such, if belatacept’s capacity
to inhibit a T cell was limited to cells in early stages of effector development whereas CNIs
had inhibitor capacity regardless of a cell’s stage of maturation, a situation of allo-inhibitory
efficacy and viral immune impairment varying depending on the immune history of the
patient would emerge for belatacept.

Herein, we have examined the T cell response to alloantigen and CMV, defining their
breadth (as defined by percent of the repertoire), functional character (specifically their
capacity for polyfunctional cytokine production and division), maturation state (assessed by
surface phenotype), and susceptibility to inhibition with either tacrolimus or belatacept. We
find that the differential response observed between tacrolimus and belatacept relates
predominantly to the degree to which the response in question is composed of highly
differentiated effectors, with tacrolimus being effective regardless of the differentiation state
of the response in both CMV- and allo-responding cells, and belatacept controlling
alloreactive T cells in a dose dependent manner that wanes with maturation, and is
influenced highly by maturation dependent loss of CD28. In contrast, CMV-specific
memory T cells, all of which are highly differentiated, are resistant to costimulation
blockade with belatacept. These data may be relevant in assessing the appropriateness of
belatacept therapy for an individual patient, assigning belatacept to individuals with low risk
of belatacept resistant rejection or viral disease, and relegating patients at higher risk of
rejection to a more toxic but consistent CNI alternative.
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Methods
Reagents and monoclonal antibodies

The fluorochrome labeled monoclonal antibodies (mAbs) anti-CD3-Alexa 700, anti-CD4-
V450, anti-CD4-PEcy7, anti-CD8-APC, anti-CD8-V450, anti-CD2-APC, anti-CD28-FITC,
anti-TNF-α-PE, anti-IFN-γ-PerCPcy5.5, and anti-IL-2-PEcy7 were purchased from BD
Biosciences (Franklin Lakes, NJ). Anti-CD45RA-QDOT655 mAb and carboxyfluorescein
succinimidyl ester (CFSE) were obtained from Invitrogen (Carlsbad, CA). Anti-CD197-
APC anti-CD8-Alexa780 mAb was obtained from Ebioscience (San Diego, CA). Human
CMV peptide pool of pp65 sequence consisting of 138 peptides (15 mers with 11 amino acid
overlaps) was purchased from JPT Peptide Technologies (Berlin, Germany). Perm/Wash
buffer, Cytofix/Cytoperm solution, and GolgiPlug containing brefeldin A were obtained
from BD Biosciences.

CMV-pp65 peptide stimulation and allo-stimulation
Human peripheral blood mononuclear cells (PBMCs) were isolated from fresh blood of
CMV-seropositive (n=10) and CMV-seronegative (n=10) healthy volunteers who were
consented under an Institutional Review Board-approved tissue acquisition protocol. The
PBMCs were obtained through Ficoll density gradient centrifugation according to the
manufacture’s protocol (BD Biosciences). Seropositivity was established based on CMV-
IgG reactivity as determined by the Emory University clinical pathology lab. PBMCs were
washed with phosphate-buffered saline (PBS), and diluted to 106 cells/ml with RPMI-1640
medium (HyClone Laboratories Inc. Logan, UT) containing 10% fetal bovine serum (FBS).
2.5 × 105 cells were stimulated by 1.75 µg/ml of CMV pp65 peptides with 1 µl/ml of
GolgiPlug at 37°C for 12 hours.

T cell-mediated responses to allo-donors were also evaluated in comparison with CMV-
specific T cell responses using the method described previously(11–12). Briefly, allo-
stimulator PBMCs were depleted of CD3+ cells with magnetic CD3 MicroBeads and LS
magnetic columns according to manufacturer's instruction (Miltenyi Biotec, Auburn, CA).
Stimulators were irradiated and then diluted with RPMI-1640 medium supplemented with
10% FBS. 2.5 × 105 responder PBMCs were incubated with 2.5 × 105 irradiated stimulators
containing 1 µl/ml GolgiPlug at 37°C for 12 hours. To determine the effects of belatacept
(Bristol-Myers Squibb, New York, NY) in inhibiting responses of CMV- and allo-specific T
cells, belatacept was tested at various concentrations. Cells treated with tacrolimus (Astellas
Pharma US, Northbrook, IL), were used as controls.

Viral peptide- and allo-stimulation of purified naïve and memory T cells
Human CD3+ T cells were purified using negative selection methods according to
manufacture’s protocol (Miltenyi Biotec, Auburn, CA). Briefly, PBMCs were incubated
with the Miltenyi pan T cell purification biotin-antibody cocktail and then with the pan T
cell purification microbead cocktail. Non-T cells were removed with magnetic columns.
Both naïve and memory T cells were sorted using positive selection methods based on
expression of anti-CD45RA-APC and anti-CD197-APC Alexa780 mAb using a BD
FACSAria™ Cell Sorter (BD Biosciences, Franklin Lakes, NJ). Purified naïve and memory
cells were verified to be greater than 90% by FACSAria™ Cell Sorter following cell
purification. Autologous dendritic cells were generated from CD14+ monocytes. Briefly
CD14+ cells were isolated by positive selection according to the manufacture’s protocol
(Miltenyi Biotec, Auburn, CA). Purified CD14+ monocytes were re-suspended in
RPMI-1640 culture medium containing IL-4 (50 ng/ml), granulocyte-macrophage colony
stimulating factor (100 ng/ml), and 10% FCS after final wash, and incubated for 5 days to
generate monocyte-derived dendritic cells. Dendritic cells were verified with polychromatic
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flow cytometry for positive staining of CD40, CD80, CD86, CD11c, HLA-DR, and HLA-
ABC.

The anti- allo and -CMV activity of purified memory and naïve cells were studied by ICCS.
Briefly, allo-stimulator PBMCs were depleted of CD3+ cells with magnetic CD3
MicroBeads and LS magnetic columns, and then irradiated. 0.25 × 105 memory cells or 5 ×
104 naïve cells were stimulated by 1.75 µg/ml of CMV-pp65 peptides in the presence of
autologous dendritic cells with 1 µl/ml of GolgiPlug at 37°C for 12 hours followed by ICCS.
0.25 × 105 responder memory cells with autologous dendritic cells were incubated with 0.25
× 105 irradiated stimulators containing 1 µl/ml GolgiPlug at 37°C for 12 hours. 5 × 104

naïve cells and autologous dendritic cells were incubated with 5 × 104 irradiated stimulators
in the presence of 1 µl/ml GolgiPlug at 37°C for 12 hours. Belatacept was tested at various
concentrations. All studies performed on sorted cells were repeated three times in three
different individuals.

Intracellular cytokine staining (ICCS)
Cells were collected after 12-hour stimulation with CMV-pp65 peptides and allogeneic
stimulators, and were surface stained with mAb at room temperature for 15 minutes
followed by permeabilization and fixation with Cytofix/Cytoperm for 45 minutes on ice.
ICCS with mAb directed to TNF-α, IFN-γ, and IL-2 was performed at 4°C for 30 minutes
after final wash with Perm/Wash buffer. Cells were washed and analyzed using
polychromatic flow cytometry (BD Biosciences LSR II), and the analysis of data was
performed using FlowJo software (Tree Star, San Carlos, CA).

CFSE-based lymphocyte proliferation assay
The proliferative response of CMV-specific T cells to CMV-pp65 peptide stimulation was
assessed with CFSE-based lymphocyte proliferation assay. Briefly, PBMCs isolated from
CMV-seropositive healthy volunteers were labeled with CFSE at 37°C for 10 minutes
according to the manufacture’s instruction (Invitrogen, Carlsbad, CA). After final wash with
RPMI-1640 medium containing 10% FBS, cells were diluted to 1 × 106 cells/ml with
RPMI-1640 medium containing 10% FBS. 2.5 × 105 cells were incubated with 1.75 µg/ml
of CMV-pp65 peptides for 5 days.

To assess the allo-specific T cell proliferative responses of these CMV-seropositive healthy
volunteers in comparison with CMV-specific T cell proliferation, a one-way mixed
lymphocyte reaction (MLR) was performed. 2.5 × 105 CFSE-labeled responder PBMCs
were incubated with 2.5 × 105 irradiated allo-stimulators in RPMI-1640 medium containing
10% FBS at 37°C for 5 days. After stimulation for 5 days, cells were washed and surface
stained with mAb directed to CD3, CD4, and CD8. Cells were analyzed acquisition with
polychromatic flow cytometry.

Statistical analysis
To determine the statistic difference of cytokine producers, we used the nonparametric
Wilcoxon signed rank test to compare CMV-seropositive and seronegative healthy
volunteers. An unpaired t test with Welch’s correction was utilized to determine the statistic
difference of cytokine producers between CMV-reactive and allo-responding cells. The
trends in decrease of frequency of producers with increase in belatacept concentration were
tested using one-way ANOVA with post-test for linear trend and linear regression models
that accounted for repeated measures for each subject (mixed linear models with random
intercept term). All calculated p values were two-tailed analysis, and a p value of less than
0.05 was considered as statistically significant.
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Results
The allo-specific response is larger, more heterogeneous, and less dominated by
polyfunctional cytokine producing T cells than the viral-specific response

We first tested the proliferative responses of CMV- and allo-specific T cells by a CFSE-
based proliferation assay (Figure 1). As anticipated, proliferative responses to CMV-
peptides and alloantigen targets were seen in CMV-seropositive individuals. Proliferative
responses to alloantigen were also seen in CMV seronegative individuals, while CMV-
specific responses were not (not shown). In all individuals, the allo-specific proliferative
response was of substantially greater magnitude than the CMV-specific proliferative
response (CD4+ cells p=0.012, CD8+ cells p=0.04). As this was a 5-day assay, it reflected
the effects both of reactivated antigen-specific memory T cells and de novo priming of naïve
T cells.

To further characterize and contrast the phenotype, functional capacity, and size of CMV-
and allo-reactive T cell repertoires, and in particular to assess the relative size of the
memory response to allo- and CMV-antigens, PBMCs from CMV-seropositive and
seronegative volunteers were stimulated with CMV-pp65 peptides or allo-donor cells for 12
hours and interrogated by ICCS. Both CD4+ and CD8+ T cells from CMV-seronegative
individuals failed to produce cytokine after stimulation with CMV-pp65 peptides
(confirming CMV naiveté), while both CD4+ and CD8+ cells from CMV-seropositive
individuals demonstrated TNF-α/IFN-γ expression after stimulation (Figure 2A & B;
p=0.002). In keeping with the proliferation results, TNF-α/IFN-γ production were detected
in both allo-responding CD4+ and CD8+ cells of both CMV-seronegative and CMV-
seropositive subjects following allo-stimulation; there was no significant difference in
alloresponsiveness that segregated based on viral seropositivity (Figure 2C & D).

Human T cells can be segregated into four distinct subsets based on their surface expression
of CD197 (CCR7) and CD45RA(13): naïve (CD197+CD45RA+), terminally differential
effector memory (TEMRA; CD197−CD45RA+), effector memory (TEM; CD197−CD45RA−),
and central memory (TCM; CD197+CD45RA−). To characterize the memory phenotype of T
cells most responsive to viral and alloantigen, we analyzed the phenotype of T cells
producing both TNF-α and IFN-γ in response to CMV- and allo-antigen. The vast majority
of CMV- and allo-reactive CD4+ and CD8+ TNF-α/IFN-γ producers were phenotypically
defined as TEM cells (CD197−CD45RA−) (Figure 3). Thus, differential sensitivity to
belatacept and tacrolimus could not be determined solely on memory phenotypic grounds.

Previous studies have demonstrated the vigorous and superior function within multi-
cytokine producing T cells when compared with single cytokine producers(12, 14–15). To
further define composition of the CMV- and allo-responsive T cell repertoire, the reactivity
of CMV- and allo-responsive T cells was evaluated with regard to their single, dual or triple
cytokine expression (TNF-α, IFN-γ, and IL-2; Figure-4A). Allo-responding T cells (both
CD4+ and CD8+) demonstrated greater frequency of single (TNF-α or IFN-γ), dual (TNF-α
and IFN-γ) and total cytokine producers (both single and dual producers) when compared
with cytokine producers of CMV-responding CD4+ and CD8+ cells (Figure-4B; see figure
for all statistical values). As shown in Figure 4C, the frequency of IL-2 producers within
TNF-α and IFN-γ dual producers (triple producers) of allo-responding T cells was
significantly lower than CMV-reactive cells (CD4+ cells p=0.0005, CD8+ cells p=0.0003),
i.e. alloresponders were less likely to be fully functional T cells with regard to cytokine
production. However, IL-2/TNF-α/IFN-γ triple producers as a percentage of the entire
repertoire was not significantly different between CMV- and allo-responding cells,
indicating that the number of fully matured cells responding to allo- or viral-antigen were
similar despite the markedly larger total allo-responsive repertoire.
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CD28 loss is typical of both CMV- and allo-specific CD8+ T cells, but more common
amongst allospecific CD4+ T cells

We have demonstrated previously that a large fraction of alloreactive T cells are
CD2hiCD28− cells with reduced susceptibility to belatacept(12, 16). Given that CD28 is a
critical receptor for the B7 ligands targeted by belatacept, we assessed the CD28 expression
on CD4+ and CD8+ TNF-α/IFN-γ dual producers following stimulation by CMV-pp65
peptides and allo-donor cells. Activated TNF-α/IFN-γ expressing T cells were subdivided
into CD28+ and CD28− subsets. As shown in Figure 5, CMV-reactive CD4+ cells were
evenly divided between CD28+ and CD28−, while alloreactive CD4+ T cells were markedly
more likely to be CD28−. Both CMV reactive and alloreactive CD8+ effectors were
dominated by CD28− cells. Thus, CD28 loss did not distinguish allo- from viral-responsive
CD8+ effector cells, but was more common amongst alloresponsive CD4+ cells, a difference
that could distinguish belatacept’s effect on alloantigen from its effect on viral antigen.

The inhibitory effects of belatacept and tacrolimus on CMV- and allo-specific T cells vary
by maturation status

Given that a large proportion of both activated CMV-specific and allo-specific T cells were
CD28− TEM cells, we surmised that CD28− TEM cells would be resistant to belatacept, a
CD28/B7 inhibitor, regardless of specificity, and that neither would be resistant to CNIs.
Bulk PBMCs isolated from CMV-seropositive individuals were stimulated with CMV-pp65
peptides or allo-donor cells in the presence of belatacept or tacrolimus followed by the
detection of cytokine producers and T cell proliferation. Tacrolimus completely inhibited
both CMV- and allo-specific T cell responses as confirmed by the lack of cytokine
production (Figure 6A) and proliferation (Figure 6B). The effects of belatacept, however,
were less striking on proliferation, and varied by the degree of effector maturation as
measured by cytokine production. Specifically, the proliferation of bulk alloreactive T cells,
cells with a broad spectrum of functionality, were significantly more inhibited by belatacept
compared to CMV-specific T cells (Figure 6C; vs. allo-CD4+ cells p=0.006; vs. allo-CD8+

cells p=0.004) suggesting that the de novo priming of naïve T cells responding in the 5 day
proliferation assay and/or the reactivity of incompletely matured T cells responding to allo-
stimulation was more susceptible to the B7 inhibitor belatacept. Indeed, belatacept
demonstrated minimal inhibitory effects in preventing proliferative responses of CMV-
specific cells in CMV-seropositive individuals, those whose cells that were exclusively
multifunctional in nature.

To determine whether the differential effect of belatacept in inhibiting activation of CMV-
and allo-responding cells segregated based on the maturation state of the responding
memory repertoire, we stimulated PBMCs with CMV-pp65 peptides or allo-donor cells in
the presence or absence of belatacept and interrogated the results using ICCS. As shown in
Figure 7A–C, belatacept’s effect was substantial and dose-dependent on incompletely
matured T cells, those expressing single or dual cytokine production. This was only
assayable in allospecific populations, as essentially all CMV-responsive cells were multi-
cytokine producers. However, although belatacept had a measurable effect on fully matured
allospecific effectors (triple producers) that was evident only at the highest dose, these were
a small minority of the responding population; belatacept had essentially no effect on CMV-
specific cells, and as these were essentially all triple producers, the appearance was one of
viral sparing (Figure 7b). As shown in Figure 7c, the dose responsiveness to belatacept, as
determined by linear regression modeling, was trivial in triple producers compared to that
seen in less matured cells, and there were significantly greater inhibitory effects of
belatacept on single and dual producers when compared with CMV and allo-responding
triple producers.
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To further define the characteristics of matured cells that rendered them resistant to
belatacept, T cells were sorted into memory and naive populations and then stimulated with
CMV-pp65 peptides or allo-stimulators and assessed by ICCS. As shown in Figure 8A,
naïve T cells from CMV-seropositive individuals were unresponsive to CMV-pp65 peptide
stimulation (a short term assay specific for memory responses), while substantial CMV
reactivity was identified within the memory population. This responsive population included
both CD4+ and CD8+ cells and within both of these subsets, CD28− and CD28+ cells.
Belatacept was ineffective in inhibiting CMV-specific cells regardless of CD28 expression
(Figure 8B) indicating that the failure of belatacept to block established anti-CMV immunity
was not solely dictated by CD28 dependence, but rather also was related to the T cells’
maturation states.

Allo-specific activation was more diverse and involved some degree of activation in both
memory and naïve populations, although the maturation of the allo-responders in the
memory populations was more advanced, including a higher percentage of dual producers
(Figure 9A). Activity was detected in both CD28+ and CD28− cells, but trended higher and
more polyfunctional in cells lacking CD28.

Consistent with the bulk population analysis, alloreactive cells were seen to be generally
distributed throughout the entire repertoire, including mostly single and dual producers with
relatively few matured triple producers (Figure 9B). Responsiveness was more evident
amongst memory cells (in this short term assay that favors memory responses), but included
a mixture of CD28 expressing cells and those lacking CD28 expression. Thus, consistent
with the stochastic nature of allo-cross-reactivity, the alloimmune response was broad, less
well developed, and evident across all populations to some extent.

We then looked at belatacept sensitivity as it related to CD28 expression and cytokine
production (Figure 9C). Belatacept was found to have dose dependent effects in both single
and triple producers that expressed CD28, although the absolute numbers of triple producers
responding to alloantigen, was shown above, a minority of the responding population. In
stark contrast, belatacept had no inhibitory effect on CD28− T cells regardless of effector
status. Thus, considering allo-responsive cells, the predominant feature limiting belatacept’s
effectiveness was a loss of CD28 with effector maturation.

Thus, although belatacept had a substantial inhibitory effect on alloresponsiveness, this was
due mainly to its impact on non-terminally matured effectors, with the magnitude of the
effect derived from the fact that these cells compose the bulk of the allospecific repertoire.
The differential impact of belatacept on viral-versus allo-specific populations was
attributable not to the antigen specificity, but rather the composition of the responding
population.

Discussion
Transplant recipients remain dependent on immunosuppressive drug therapies, the most
prevalent of which are CNI-based. In general, immunosuppressive therapies are used with
the expectation that their T cell suppressive effects will provide low rates of rejection, but
for that benefit, patients accept an increased risk of infection and latent viral reactivation
proportional to the intensity of the therapy used. Belatacept has been developed with similar
expectations, but its clinical use has presented an unusual pattern of less complete control of
alloimmunity, and at the same time, perhaps disproportionate concerns with viral control,
particularly in viral naïve individuals(8–10). In this study, we have directly compared the
relative influences of tacrolimus and belatacept on T cell responses to viral- and allo-
antigen, asking whether the different patterns of efficacy noted clinically can be explained
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by properties of the T cell repertoire used for these two target types. Indeed, we find that
while tacrolimus provides substantial inhibition to T cells regardless of their maturation
state, belatacept’s influence is largely limited to immature effectors. Further, we have shown
that the maturation state characteristic of an evolutionarily conserved response to a virus
differs from the more stochastic response to an allograft, and that this difference is relevant
in understanding the clinical application of these two distinct immunosuppressive
approaches. Specifically, to the extent that immature (or at least incompletely responsive)
effectors make up the responding repertoire (large in alloresponses and trivial in viral-
experienced responses) belatacept’s impact is more evident. Several points from this study
are worthy of discussion.

It is generally accepted that alloimmune responses are substantially larger than viral-specific
responses, encompassing log-fold greater numbers of cells and a broader percentage of the
repertoire. Indeed, we find this to be true, but note that the number of fully matured
allospecific cells, as defined by polyfunctionality in vitro, is similar or in some cases smaller
in alloreactive populations compared to CMV-responsive populations, despite the starkly
different numbers of responding cells. Most of the responding allospecific population is
composed of incompletely developed responders, or alternatively, cells that when stimulated
with something other than their cognate antigen respond in a less robust fashion. This
finding is easily reconciled when considering the intentional maturation of a protective
response to a viral pathogen compared with the cross-reactive nature of alloreactivity (at
least in non-allosensitized patients). Thus, as most of the direct alloreactive T cell repertoire
is perhaps best considered non-intentional, and thus of lesser potency, estimates of the size
of the alloimmune repertoire should consider the potency of the cells involved rather than
simply their numbers.

Many aspects of viral-specific and allospecific cells appear similar, in particular that CD8+

effector cells responding in vitro display a CD197−CD45RA− TEM phenotype. However,
one marked difference appears in the CD4 compartment, where CD28-negative cells make
up a substantially higher proportion of the allospecific repertoire than is seen in viral
specific cells These CD28− memory T cells are clearly resistant to B7 inhibitor belatacept
when compared with CD28+ cells, regardless of their apparent capacity to produce
cytokines. That there is an apparent effect of belatacept on these cells in bulk culture may
relate to by-stander effects of belatacept reducing the stimulation of CD28+ cells. Such an
effect could be anticipated in vivo if CD28+ cells competed for resources or antigen
presentation such that their inhibition but survival would mute the effects of CD28− cells.
Regardless, one area to be considered in evaluating a patient’s risk for belatacept-resistant
rejection may be the degree to which their heterologous alloreactive T cell help is derived
from matured versus naïve CD4+ cells. This is consistent with recent observations that we
have made identifying patients who have failed belatacept therapy as having a significantly
larger percentage of CD4+ T cells characterized as exhausted or senescent, and notably
CD28 negative(17). It would appear that CMV-specific maturation produces a cell
population that is highly functional and resists inhibition with belatacept regardless of CD28
expression. However, we cannot discount the possibility that cells responding to other
viruses, including EBV, may have different maturation and CD28 expression traits that
could influence the generalizability of these findings.(18, 19)

The concern for heterologous immunity as a barrier to costimulation blockade-based
therapies has been well established in animals models(20,21). Indeed, viral specific T cells
have been identified with alloantigen cross reactivity(22). This has led to reasonable
speculation that prior viral exposure would significantly alter the size of the allospecific
repertoire. In our specific assessment of the magnitude of an alloreactive response based
solely on prior CMV exposure, we find no such relationship. This might be a risk factor
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when considering broad viral exposure or allo-sensitization, rather than exposure to a
particular virus, given that the virus-specific response is relatively narrow. Thus, we do not
interpret these findings as supporting or refuting the importance of heterologous immunity
on clinical belatacept resistance. However, we submit that studies investigating heterologous
immunity through the use of identical cross reactive antigens may present a highly focused
response that does not reflect the stochastic nature of cross reactivity between similar but
non-identical antigens and overly estimate the influence of viral exposure on belatacept
resistance.

The differential response of belatacept based on maturation state is consistent with the
known differences in mechanism of belatacept and CNIs. CNIs target downstream of the
TCR, a signal required for both naïve and memory T cell activation, while belatacept
directly targets the CD28-B7 pathway, a pathway required largely for naïve responses but
decreasingly required for activation in T cells that have prior antigen experience. Thus,
belatacept’s capacity for inhibiting T cell activation should be expected to be limited to cells
in early stages of effector development whereas CNIs logically have inhibitory capacity
irrespective of the stage of T cell maturation. Herein, we have shown that this differential
mechanism has consequence in altering T cell responsiveness. Our data indicate that
belatacept’s immunosuppressive effect will manifest based on the breadth, quality, capacity
and CD28 expression of polyfunctional cytokine production of ones T cell repertoire. Highly
matured immune responses, be them allo- or pathogen specific, will be less well inhibited. In
the case of allospecific clones, this will manifest as increased rejection, but in the case of
pathogen specific clones, this will present as a sparing of protective immunity. Conversely,
when the repertoire is largely undeveloped, or when cross-reactivity evokes an incomplete
response, responses will be effectively controlled. For the allospecific repertoire, this will
result in satisfactory control of rejection, but in the case of viral naiveté, this will result in
loss of protective immune competence. Our findings are consistent with the clinical effects
of belatacept, and may be relevant in assessing the appropriateness of belatacept therapy for
an individual patient, assigning belatacept to individuals with low risk of belatacept resistant
rejection and low viral risk, and relegating patients at a higher risk of rejection to a more
toxic but more consistent CNI alternative.
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FITC fluorescein isothiocyanate

PE phycoerythrin

PBS phosphate-buffered saline

FBS fetal bovine serum

ICCS intracellular cytokine staining.
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Figure 1. Proliferative responses of CMV- and allo-specific T cells following stimulation
(A) CFSE-labeled responder PBMCs were stimulated by CMV-pp65 peptides or allo-donor
cells. CD3+CD4+ and CD3+CD8+ cells were analyzed for proliferative responses after 5
days through assessment of CFSE dilution. Representative results from one individual are
shown in panel A. (B) The percentages of divided CMV- and allo-reactive CD4+ and CD8+

cells from all tested individuals after stimulation are shown demonstrating that the
magnitude of the proliferative response to alloantigen substantially exceeds that to viral
antigen (CD4+ cells p=0.012, CD8+ cells p=0.04).
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Figure 2. Activation of CMV-specific T cells
(A) PBMCs, isolated from CMV-seropositive and seronegative normal individuals, were
stimulated with or without CMV-pp65 peptides followed by ICCS to detect TNF-α and IFN-
γ. CD3+ T cells were analyzed based on CD4+ and CD8+ expression, and activation of
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CMV-specific T cells were identified based on expression of intracellular cytokines. (B) The
percentage of TNF-α/IFN-γ dual producers detected after CMV-pp65 peptide stimulation in
CMV-seropositive individuals is significantly higher than seronegative individuals with lack
of dual cytokine producers (p=0.002). (C) Responder PBMCs were stimulated with
irradiated CD3 depleted allo-stimulators for 12 hours followed by ICCS to detect TNF-α
and IFN-γ within CD3+CD4+ and CD3+CD8+ populations. (D) The percent of cells
expressing both TNF-α and IFN-γ was determined after allo-stimulation in CMV-
seropositive and CMV-seronegative individuals. While all individuals had a substantial
allospecific response, there was no difference in alloresponsiveness based on CMV sero-
status.
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Figure 3. Memory phenotype of CMV- and allo-specific T cells
Lymphocytes from PBMCs, stimulated for 12 hours by CMV-pp65 peptides or allo-donor
cells, were identified using forward and side scatter followed by gating on singlet
populations, and the CD3+ cells were then subdivided to CD4+ and CD8+ populations. Both
CD4+ and CD8+ cells were then segregate into naïve (CD197+CD45RA+), TEMRA
(CD197−CD45RA+), TEM (CD197−CD45RA−), and TCM (CD197+CD45RA−) subsets. The
majority of both CMV-specific and allospecific CD4+ and CD8+ cells producing TNF-α and
IFN-γ were characterized as TEM cells. TNF-α and IFN-γ producing cells responding to
either stimulus were phenotypically indistinguishable.
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Figure 4. Cytokine production by activated CMV- and allo-specific T cells
(A) Activation of CMV- and allo-specific CD4+ and CD8+ T cells were identified as TNF-α,
IFN-γ and TNF-α/IFN-γ producers. The triple IL-2+TNF-α+IFN-γ+ producers were
determined by gating on TNF-α/IFN-γ dual producers. (B) Single, dual, and total cytokine
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producers were detected during activation of CMV- and allo-responding T cells, in all cases
the number of allo-responsive cells exceeded the number of CMV responsive cells. (C) The
frequency of IL-2+ cells within TNF-α/IFN-γ dual producers (top) and IL-2/TNF-α/IFN-γ
triple producers (bottom) after activation of CMV- and allo-responding T cells are shown. T
cells responding to CMV are more likely to be triple producers that T cells responding to
alloantigen, however, owing to the much larger number of cells responding to alloantigen,
the size of the fully matured (triple producer) repertoire responding to CMV or alloantigen is
similar.

Xu et al. Page 17

Am J Transplant. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. CD28 expression on activated CMV- and allo-specific T cells
(A) Activation of CMV- and allo-specific CD4+ and CD8+ cells were identified as TNF-α/
IFN-γ dual producers, and the CD4+ and CD8+ TNF-α/IFN-γ dual producers were then sub-
segregated into CD28− and CD28+ subsets based on the surface expression of CD28.
Representative allo-responding T cells from one individual are shown. (B) CD28− and
CD28+ subsets of TNF-α/IFN-γ dual producers of CMV-specific and allo-responding CD4+

and CD8+ cells after stimulation with CMV-pp65 peptides or allo-donors. CD28 loss is
typical of both allo- and viral-specific CD8+ cells, but is more likely to be seen in allo-
specific CD4+ cells compared to viral-specific CD4+ cells.
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Figure 6. Percent inhibition of CMV- and allo-specific T cells by CNIs and Belatacept
(A) Tacrolimus completely inhibits activation of CMV- and allo-specific T cells as
determined by the lack of cytokine production. (B) Tacrolimus completely inhibits
proliferation of CMV- and allo-specific T cells. (C) Belatacept inhibits the proliferation of
alloreactive T cells (CD4+ cells p=0.006, CD8+ cells p=0.004), but is less effective in
preventing the proliferation of CMV-specific T cells (CD4+ cells p=0.185, CD8+ cells
p=0.019).
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Figure 7. Inhibitory effects of belatacept on CMV- and allo-specific T cells by cytokine
production status
PBMCs were stimulated by CMV peptides or allo-donor cells in the presence of increasing
concentrations of belatacept followed by ICCS. (A) The inhibitory effects of belatacept on
IFN-γ single producers and dual producers are shown demonstrating a dose dependent
inhibitory effect. (B) The frequency of IL-2/TNF-α/IFN-γ triple producers during allo-
specific (left) and CMV-specific (right) T cell responses in the presence of increasing
concentrations of belatacept is shown. Belatacept has limited effect on cells of either
specificity, with a measurable effect at its highest dose versus alloresponsive cells and no
effect on CMV-specific cells. The size of the triple producer response is higher versus CMV
than versus alloantigen. (C) Slopes of dose responsiveness for all cells tested by ICCS
demonstrating that belatacept mostly influences cells with incomplete cytokine maturation,
and the effects to suppress cells with a fully developed response to alloantigen are
significantly limited when compared with single and dual producers.
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Figure 8. Cytokine production by sorted naïve and memory T cells and the effects of belatacept
on cytokine producers following CMV stimulation
T cells were sorted into memory and naïve populations, then stimulated by CMV-pp65
peptides, analyzed using ICCS to detect TNF-α and IFN-γ, and further characterized with
regard to their expression of CD4, CD8 and CD28. (A) CMV-specific activation was evident
in the memory but not naïve populations. (B) The frequency of IL-2/TNF-α/IFN-γ triple
producers within the memory population in the presence of increasing concentrations of
belatacept is shown, demonstrating that belatacept does not inhibit cytokine production by
CMV-specific memory cells.
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Figure 9. Cytokine production by sorted naïve and memory T cells and the effects of belatacept
on cytokine producers following Allostimulation
T cells were sorted into memory and naïve populations, then stimulated by allo-stimulators,
analyzed using ICCS to detect TNF-α and IFN-γ, and further characterized with regard to
their expression of CD4, CD8 and CD28. (A) Allospecific activation was evident in both the
memory and the naïve populations, but the memory responses are more developed with
regard to cytokine production. (B) The distribution of alloreactivity is shown in memory
populations (upper panels), and naïve populations (lower panel) over three independent
experiments. Alloreactivity is seen across the entire repertoire, but is more prominent in
memory cells and includes relatively few triple producers. (C) Belatacept has an inhibitory
influence on alloresponsive cells that express CD28, and have no effect on those cells that
lack CD28.
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