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Abstract
Donor- and third-party-induced proliferation of T-helper (Th) and T-cytotoxic (Tc) cells, and their
naïve and memory subsets was evaluated simultaneously in single blood samples from 77 children
who received steroid-free liver transplantation (LTx) after induction with rabbit anti-human
thymocyte globulin. Proliferation was measured by dilution of the intravital dye carboxy-
flourescien-succinimidyl-ester (CFSE) in 3–4 day MLR co-culture. The ratio of donor: third-
party-induced proliferated, (CFSElow) T-cells was reported as the immunoreactivity index (IR) for
each subset. Rejectors were defined as those who experienced biopsy-proven acute cellular
rejection within 60 days of the assay. IR>1 signified increased risk of rejection and IR<1 implied
decreased risk.

Results—Demographics for 32 Rejectors and 45 Non-Rejectors were similar. Proliferated
CFSElow T-cells and subsets were significantly higher among Rejectors, compared with Non-
Rejectors. In 33 of 77 randomly selected children, logistic regression, leave-one-out cross-
validation and ROC analyses showed that the IR of Tc associated best with biopsy-proven
rejection (sensitivity>75%, specificity>88%). Sensitivity/specificity were replicated in the
remaining 44 children, comprising the validation cohort. IR of CFSElow Tc correlated significantly
with IR of pro-inflammatory, allospecific CD154+Tc (r=0.664, p=0.0005), and inversely with IR
of allospecific, anti-inflammatory, CTLA4+Tc (r=−0.630, p=0.007).

Conclusions—Proliferative alloresponses of T-cytotoxic cells can identify rejection-prone
children receiving LTx. (200)

Introduction
Roughly 600 children receive liver transplantation (LTx) in the United States each year (1).
Over half of these children experience immunosuppressant drug failures such as organ
rejection, or life-threatening infections and malignancies (2,3). These failures may be
prevented by titrating immunosuppressants precisely, based on the status of donor-specific
alloimmunity at any given time. Previous work with the mixed lymphocyte response (MLR)
of undifferentiated peripheral blood leukocytes (PBL) supports this view (4,5). Enhanced
donor-specific alloreactivity measured by the proliferative 3thymidine-MLR occurs in
children with LTx, at the time of early rejection, and at the time of late rejection during
routine clinical minimization of immunosuppressants. Because proliferation is relatively
non-specific, and takes days to manifest, “bystanders” can be recruited into the proliferative
response, thereby diluting donor-specific proliferation, and reducing the sensitivity of any
such assay. In one adaptation of the MLR, the ELISPOT, the antigen-specificity of PBL or
pre-sorted T-cells is measured by secreted IFNγ, and shows a higher sensitivity for
association with rejection and non-rejection outcomes in renal transplantation (6–11).
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However, a large proportion of pediatric LTx recipients weigh 4–10 kg. In these children,
the blood sample volume needed for the ELISPOT may be unsafe, if added to clinical
sampling requirements. Another adaptation, the CFSE-MLR, which measures donor-induced
proliferation by dilution of the intravital dye carboxy-flourescien-succinimidyl-ester, 5–7-
day culture shows greater promise in children because of lower blood sample requirements.
Because flow cytometry is used to measure dye dilution in the various T-cell subsets, each
subset can be investigated separately for the strength of its association with rejection and
non-rejection outcomes. One example is a suggested association between rejection-free
outcomes in children who have received living donor LTx, and decreased donor-specific
proliferation of the CD8+CD25+T-cell subset (12,13). However, such associations remain
unconfirmed by sensitivity and specificity testing in independent replication cohorts.

In the current study, we have evaluated the sensitivity and specificity of proliferating T-
helper (Th, CD4+) and T-cytotoxic (Tc, CD8+) cells and their memory (CD45RO+) and
naïve (CD45RO−) subsets, for their association with rejection outcomes in 77 children with
LTx. The MLR co-culture duration has been reduced to 3–4 days. All children have received
lymphocyte depleting induction with rabbit anti-human thymocyte globulin (rATG,
Genzyme, Cambridge, MA), and steroid-free Tacrolimus monotherapy, as described
previously (4,5). We have benchmarked the performance of each proliferating T-cell subset
by seeking positive correlations with the highly sensitive allo-(antigen)-specific CD154+T-
cells, which measure a pro-inflammatory alloresponse, and negative correlations with
allospecific CTLA4+T-cell subsets, which represent a suppressive or anti-inflammatory T-
cell phenotype. The clinical significance of allospecific CD154+T-cells and CTLA4+T-cells
has been recently reported from our laboratory (14). As in these recent studies, we report the
results of the CFSE-MLR as the ratio of donor- and third-party-induced proliferation, or the
immunoreactivity index (IR) for each proliferating T-cell subset. We continue to
hypothesize that IR>1 indicates enhanced donor-specific alloreactivity and increased risk of
rejection, and IR<1 indicates decreased risk. Finally, we have randomly divided the test
population into a screening and replication cohort to confirm whether associations between
clinical outcomes and the alloresponsive T-cell subset are robust. Our results show that
donor-specific proliferation of T-cytotoxic cells identifies rejection-prone children with LTx
with good sensitivity and specificity.

Methods
All studies were approved by the University of Pittsburgh Institutional Review Board. The
results of a single CFSE-MLR from 77 non-consecutive children, who received LTx, were
analyzed. All children received steroid-free Tacrolimus, and 5 mg/kg rATG (15). Target
Tacrolimus whole blood concentration (FKWB) were 12–15 ng/ml in the first month, and 8–
10 ng/ml after the third month. By the end of month 12, target levels were 5–7 ng/ml. If
acute cellular rejection (ACR) occurs, these targets are delayed by 3–6 months. Rejectors
(R) were defined as children who experienced biopsy-proven ACR within 60 days after
LTx, or in whom late ACR occurred in addition to an early ACR episode. The 60-day risk
period for early ACR was chosen because early liver ACR occurs toward the end of the first,
and beginning of the second month after rATG induction. The risk period for late ACR
began >60 days after LTx, because late ACR is usually associated with clinical drug
minimization, which was initiated 60 days after LTx. All Rejectors included in this study
showed biopsy-proven ACR within 60 days of performing the assay (n=32). In the
remaining 45 subjects who were termed Non-Rejectors, the rejection-free course was
inferred from normal liver function tests (n=37), or with an allograft biopsy, if liver function
tests were abnormal (n=8).
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CFSE-MLR
Ficoll-separated PBL obtained from 3–4 ml of whole blood from each subject were
suspended at concentration 5×105–1×106 cells/ml in RPMI with 10% fetal calf serum, and
labeled with 4 μM CFSE as described previously (16). Briefly, 100,000–1,000,000 CFSE-
labeled PBL from each recipient were cultured alone and 1:1 with live donor/surrogate
donor or third-party PBL. Live, non-irradiated donor and third-party PBL were pre-labeled
with anti-CD45-allophycocyanin prior to incubation for co-culture. This allowed separation
of stimulator and responder PBL by flow cytometry, at the end of 3–4-day co-culture. Donor
cells were only available for 12 living donor LTx, and included 4 of 32 Rejectors, and 8 of
45 Non-Rejectors. For 65 recipients of cadaveric liver grafts, stimulators consisted of
banked PBL (surrogate donor, SD), matched with donor at a minimum of one antigen each
for HLA-A, HLA-B and HLA-DR loci. All incubations were at 37°C and 5% CO2 for 3–4
days.

After incubation was completed, the cells were washed with PBS and labeled with anti-
CD3-PE (phycoerythrin), anti-CD4-APC-Cy7 (allophycocyanin-cyanin-7), anti-CD45RO-
Texas Red and 7-AAD (amino-actinomycin-D) prior to acquisition. Anti-CTLA-4-PE-Cy-5
(Phycoerythrin-Cyanine-5) was also added in the 17 most recent assays. Data acquisition
was performed with FACS-DIVA software on the LSRII flow cytometer (Becton-Dickinson,
San Jose, CA.). Both scatterplot and histogram representations were used to first separate
recipient PBL from anti-CD45-APC-labeled stimulators, and dead cells (7-AAD+) from live
cells. Thereafter, live proliferating recipient PBL were distinguished from non-proliferating
recipient PBL on the basis of decreased fluorescence due to CFSE (CFSElow). The CFSElow

daughter generations were enumerated collectively as representative of alloresponsive
recipient cells. This approach differs from several previous reports in which multiple
daughter generations are characterized with DNA replication software after 5–7-day co-
culture. In our study, the shorter culture duration of 3–4 days, and our use of lymphocyte
depleting protocols likely attenuated the proliferative response. Therefore, it was easier to
visualize proliferating (CFSElow) cells as a single group, than as a collection of multiple
generations of daughter cells. To reduce other sources of error, the gates enclosing
proliferated CFSElow daughter generations of alloreactive cells, once identified, were kept
constant while analyzing data acquired from recipient PBL incubated alone, with donor/
surrogate donor, or third-party. Absolute counts of CFSElow alloreactive cells within each
subset were used to calculate the IR and after normalized to per 10,000 cells.

To develop a parameter(s) for risk of rejection, the proliferated CFSElow T-cell subset best
associated with biopsy-proven rejection was identified in 33 children, randomly selected
from the cohort of 77 children. Logistic regression, Leave-one-out cross-validation (LOO-
CV), and ROC analysis were used (17,18).

To validate pro-inflammatory nature of the proliferative alloresponse measured by CFSElow

T-cells, allo-(antigen)-specific pro-inflammatory CD154+T-cell subsets were measured in
parallel MLR experiments for 23 of 77 subjects. CTLA4, a T-cell suppressor, whose
expression is negatively correlated with pro-inflamatory markers in animal models, was
measured simultaneously with CFSE in 17 of 77 subjects using 8-color flow cytometry.

Results
Rejectors (R) (n=32) were similar to Non-Rejector (NR) (n=45) in general demographics
(Table 1), and in the interval between LTx and assay (114±102 vs 177±863 days, p=NS).
For 65 recipients of cadaveric LTx, in whom donor PBL were available, surrogate donor
PBL were used to elicit donor-specific proliferation as described above. The degree to which
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donor and surrogate donor PBL stimulators were matched was similar for MLR conducted
in Rejectors and Non-Rejectors (Table 1).

Summary statistics
Rejectors show significantly higher proportions of donor-induced CFSElow proliferating T
cells, compared with those induced by third-party (Fig. 1). Non-Rejectors showed
significantly lower proportions of donor-induced CFSElow proliferating T-cells, compared
with those induced by third-party (Table 2). No differences were seen between groups in
third-party induced immunoreactivity index (IR) for either subset. This resulted in
significantly higher IR for all T-cell subsets except Tc-naïve subsets, among Rejectors,
compared with Non-Rejectors. For allospecific CD154+T-cells and their subsets, IR was
numerically higher among Rejectors for all subsets, but achieved significance only for the
Tc (p=0.043), and Tc-memory (p=0.030) subsets (Table 3). An opposite trend was seen for
CTLA4+T-cells and their subsets. Compared with third-party stimulation, more donor-
induced CTLA4+T-cells were seen among Non-Rejectors, and less donor-induced
CTLA4+T-cells were seen among Rejectors. This resulted in numerically higher IR for all
CTLA4+T-cell subsets among Non-Rejectors, compared with Non-Rejectors. Significance
was only achieved by IR of CTLA4+Tc (p=0.011) and Th-memory (p=0.040), which was
significantly higher among Non-Rejectors (Table 4).

CFSElow proliferating T-cytotoxic cells associate best with rejection, at threshold IR>0.914
To determine associations, 33 observations from 16 Rejectors and 17 Non-Rejectors were
analyzed. Among Rejectors, 4 were monitored before, and 12 after biopsies showing ACR.
The most parsimonious logistic regression model was calculated using exhaustive backward
and forward stepwise selection of IR for Th and Tc, and their 4 subsets (Th-naïve, Th-
memory, Tc-naïve, and Tc-memory) as independent variables, and Rejector status as the
dependent variable. The optimal model was built with CFSElow proliferating Tc alone. We
then assessed five covariates, which could contribute confounding effects-age, race, gender,
time from transplant, and Tacrolimus whole blood concentration (FKWB). In additional
stepwise model selection, only two covariates were tested with the original six independent
variables at any given time to avoid model saturation. The optimal model was once again
built with CFSElow proliferating Tc alone.

To obtain a realistic measure of model performance, leave-one-out cross validation (LOO-
CV) was performed using the IR of CFSElow proliferating Tc as the single predictor of
Rejector status on these 33 observations. Using the IR cut point from each observation drop
in LOO-CV, the median was calculated for use as the threshold IR for this cell type. ROC
analysis confirmed this single cutoff IR value of CFSElow proliferating Tc at 0.914, at or
above which Rejector status is predicted. Based on this cutoff, 12 of 16 Rejectors
(sensitivity 75%) and 15 of 17 Non-Rejectors (specificity 88%) were identified correctly in
the 33 subjects who made up the screening cohort.

Sensitivity and specificity of CFSElow Tc for predicting clinical status is replicated in the
independent replication cohort

In the remaining 44 of 77 children, an IR ≥ 0.914 for CFSElow Tc was seen in 12 of 16
Rejectors (sensitivity 75%), while an IR<0.914 was seen in 23 of 28 Non-rejectors
(specificity 82%). Clinical status and assay results of 32 Rejectors and 8 of 45 Non-
Rejectors who received biopsy, are summarized in Table 5. Supplementary Table 1 is also
included to show that allospecific CFSElow Th are not discriminatory.

The IR of CFSElow Tc correlated positively with IR of allospecific CD154+T-cytotoxic cells
and its subsets. In order of decreasing significance, this correlation was best for Tc-memory
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(r=0.849, p=3.04E-07, Figure 2a), intermediate for Tc (r=0.664, p=0.0005), and least for Tc-
naïve (r=0.580, p=0.004). The 23 children in whom both tests were performed in parallel
experiments included 8 Rejectors and 15 Non-Rejectors. Correlations were not significant
among Th and Th subsets (not shown).

The IR of CFSElow Tc correlated negatively with IR of allospecific CTLA4+Tc (Spearman r=
−0.630, p=0.007, Fig. 2b). The 17 children in whom CFSElow and CTLA4+ T-cells were
measured simultaneously in the same assay included 7 Rejectors and 10 Non-Rejectors.
Correlations were not significant among Th and the subsets (not shown).

Discussion
Our study shows that allospecific CFSElow Tc can identify rejection-prone children with
LTx, when assayed in a flow cytometric CFSE-MLR. Proliferating Tc show very good
sensitivity and specificity of 75 and 80% respectively, for association with rejection
outcomes, when a threshold IR of CFSElow Tc ≥0.914 derived from a screening cohort of 33
children was applied to an independent replication cohort of 44 children. This association
compares favorably with sensitivity ranging from 65–75% and specificity ranging from 80–
90% for the ELISPOT reported from other laboratories, and with 92% sensitivity and 84%
specificity for the allospecific CD154+Tc-memory cell reported from our laboratory
(6,7,14). The proliferating cell type best associated with rejection outcomes is the parent Tc
subpopulation, rather than its memory or naïve subsets, likely because the proliferative
alloresponse of all Tc subsets is necessary to achieve a good association with outcomes. The
validity of CFSElow Tc as a pro-inflammatory marker, and as the cell type best associated
with rejection outcomes is also confirmed by positive and negative correlations with other
assays and markers. The IR of allostimulated CFSElow Tc correlates significantly with the
IR of either allospecific CD154+Tc, or its CD154+Tc-memory or CD154+Tc-naïve subsets.
All allospecific CD154+Tc subsets represent the pro-inflammatory, allo-(antigen)-specific
response of recipient T-cells. Significant negative correlations are seen between the IR of
proliferating Tc, and IR of CTLA4+Tc. Because, CTLA4 expression was measured in the
same MLR experiment as CFSElow Tc, it represents that anti-inflammatory or suppressive
polarity of alloresponsive Tc.

It is reasonable to ask why the Tc is better than the Th, or the combined Th+Tc populations,
in its association with rejection outcomes. We believe that the relatively drug-resistant Tc
can better reflect the host-graft interaction at any given time, because this interaction is less
confounded by immunosuppressant drugs. In support, we cite the relative resistance of
mitogen-stimulated Tc, and of allospecific CD154+Tc to inhibition by Tacrolimus in our
studies of children with LTx (4,14). The importance of alloresponsive Tc as a sensitive and
specific marker of rejection-prone recipients suggested in our ex-vivo assays does not
necessarily imply an in vivo role for this cell type in the rejection response. However,
durable tolerance in a primate model receiving anti-CD154 costimulation blockade
treatment was only achieved with added Tc ablation (19).

The limitations of our study include the cross-sectional nature of the observations, which
may have yielded a false-positive association. For this reason, we tested the robustness of
our association using screening/validation cohorts, and by including only those
measurements from rejectors, which were obtained within 60 days of a liver allograft
biopsy. Because of the risk of life-threatening hemorrhage from liver biopsies, protocol
biopsies are not the standard of care. Therefore, biopsy data is only available from 8 Non-
Rejectors, in whom elevated liver function tests required that rejection be ruled out. Another
limitation is our use of “surrogate donor” PBL as stimulators, a fact necessitated by the
predominant use of cadaveric liver donors, from whom spleen tissue is consumed during the
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tissue typing process for organ allocation. To simulate the donor cell to the extent possible,
“surrogate” donor PBL were matched at a minimum one antigen each at the HLA-A, -B and
-DR loci. Finally, our intent to develop a more rapid proliferative MLR, which could permit
more responsive clinical drug management, led us to use 3–4-day co-culture instead of the
standard 5–7-day co-culture. The resulting lower yield of proliferating daughter generations
precluded additional analyses, e.g. estimates of “precursor frequencies”, etc.

With the availability of a 16-hour MLR, which measures allo-(antigen)-specific CD154+Tc-
memory cells, the role of the proliferative CFSE-MLR has reduced in our laboratory.
However, when significant lymphocyte depletion lowers the total yield of PBL to <500,000
cells for the entire MLR set-up, we find that the CFSE-MLR is more suitable. The 3–5 day
co-culture conditions of the CFSE-MLR expand the numbers of evaluable alloresponsive
PBL, and facilitate a reliable assessment of donor-specific T-cell subsets. Experience with
allospecific CD154+ T-cytotoxic memory cells suggests that enhanced donor-specific
alloreactivity manifests as an IR > 1 before LTx in nearly 80% rejection-prone children with
LTx, and declines subsequently at highly variable rates, especially among rejectors (14,5).
Therefore, a clinically relevant strategy would be to establish a baseline proliferative
alloresponse prior to LTx with the CFSE-MLR. Subsequent monitoring may be timed to
coincide with periods when the risk of rejection is greatest, for e.g. during the first and
second months after LTx, and whenever major reductions in immunosuppression are being
contemplated, especially among rejection-prone children. Clinical practice standards
mandate that such a strategy must be first tested under IRB/FDA-approved research
protocols prior to clinical implementation. These efforts remain ongoing at our center.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Scatter plots in panel a) show significantly higher proportions of donor-specific CFSElow

(uppermost) and CD154+ (middle) T-cytotoxic cells in a Rejector, compared with
corresponding third-party-induced alloresponses. In the lowermost subpanel, donor-induced
expression of the negative costimulator, CTLA4, is less than third-party-induced CTLA
expression. For the Non-Rejector shown in panel b) the reverse features are seen in a Non-
Rejector. Donor-induced markers of T-cell activation, CFSElow and CD154+ cells, are less
than those induced with third-party stimulation. On the other hand, donor-induced cells
expressing the negative costimulator, CTLA4, exceed third-party induced CTLA4+ cells.
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Figure 2.
a) Highly significant correlations exist between IR for CFSElow T-cytotoxic cells, and
allospecific CD154+ T-c-memory cells in 23 children (Spearman rho=0.849, p=3.04E-07).
b) The negative correlation between IR for allospecific CFSElow T-cytotoxic and IR for
allospecific CTLA4+Tcytotoxic cells is highly significant in 17 of 77 recipients. (Spearman
rho −0.630, p=0.007).
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