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Abstract
Ex-vivo identification of donor specific unresponsiveness in organ transplant recipients is important
for immunosuppression (IS) minimization. We tested three groups of stable living-related-donor-
kidney transplant patients upto 11 years post-operatively, i.e., 20 haploidenticals with donor bone
marrow cell (DBMC) infusions, 8 non-infused haploidentical controls (haplo-controls) and 11 HLA-
identical controls (HLA-Id), using multiple ex vivo immune assays. None developed donor specific
antibodies. The majority showed donor specific CTL unresponsiveness from year one onwards. 13/20
DBMC recipients became specifically donor MLR non-reactive. Depletion of donor cells in DBMC
recipients still MLR reactive increased donor specific reactivity by 75±36% (p=0.04). Adding them
back in low concentration caused antigen specific inhibition. The frequencies of ELISPOT granzyme-
B and interferon-γ producing cells somewhat paralleled the CTL and MLR responses. In the
transvivo-DTH, 14/19 DBMC recipients demonstrated donor specific unresponsiveness and 16/19
showed “linked suppression”, vs 0/8 and 1/8 haplo-controls and vs. 6/10 and 1/10 HLA-ids
respectively. Most importantly, when all 6 assays were performed simultaneously, 10/18 DBMC,
5/10 HLA-id but no haplo-controls were specifically donor unresponsive long-term.
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We propose that a cluster-analysis combining these assays will reveal tolerant recipients in whom
IS minimization may safely be tested. This appears to have occurred in many DBMC infused
recipients.

Keywords
kidney transplant patients; donor bone marrow infusion; immune assessments; donor specific
unresponsiveness

INTRODUCTION
Introduction of improved immunosuppressive drugs (IS) has increased early allograft survival,
but with continued susceptibility to infections, cancer, metabolic and degenerative diseases
(reviewed in [1]). Therefore, there has been a renewed search for IS reducing or
immunoregulatory protocols. Recently, donor bone marrow cell (DBMC) infusions have been
associated with “operational” renal transplantation tolerance [2,3] based on the pre-clinical
observations in mammals including primates [4–7]. Microchimerism of bone marrow derived
cells seen in several transplant recipients who had stopped IS for several years with functioning
grafts [8,9] added impetus to these protocols.

Our own studies since 1994 involved over 350 liver (or liver/intestinal), 111 kidney, 25 kidney/
pancreas, and 5 kidney/islet transplants accompanied by DBMC [10–16]. In deceased donor
(dd) kidney transplant recipients higher graft survival occurred compared to (non-randomized)
non-infused controls [14,17]. DBMC was also tested in 47 living-related-donor (LRD)
haploidentical kidney transplant recipients, compared with non-infused demographically
similar controls (n=39) [12,15,18,19]. Functionally, purified recipient derived donor (RdD)
chimeric cells from the LRD-DBMC recipient bone marrow and peripheral blood were found
to specifically inhibit recipient anti-donor MLR and CML responses supporting the notion that
DBMC played a positive role in transplant hyporesponsiveness postoperatively [19,20].

Ex vivo methods to identify donor specific immune unresponsiveness is essential for
meaningful clinical trials of IS minimization or withdrawal. Although numerous assays have
been proposed, none have been exclusively reflective of this, possibly due to the complexity
of the immune system with multiple genomic/polymorphic and environmental determinants
affecting both recipients and donors. We reasoned that an array of assays might be more
globally predictive of such “tolerant” profiles and questioned whether this would occur in
DBMC infused LRD kidney transplant recipients vs the non-infused haploidentical group, both
compared with HLA identical (HLA-id) sibling recipients serving as negative controls.

MATERIAL AND METHODS
Patients, immunosuppression and clinical parameters

Of forty-seven LRD-haploidentical recipients infused four days postoperatively with
1.8×108±1.9×108 whole DBMC /kg body weight ±S.D [15], twenty were followed serially
with an array of ex vivo assays. They were compared with 8 haploidentical and 11 HLA-
identical (HLA-id) non-infused demographically similar recipients between 49–134 months
post-transplantation. Even though we had initiated these studies in 28/47 of the DBMC infused
recipients with the only criterion that they attend our clinic post-operatively, we were able to
complete this extensive study in 20 patients as the others were unwilling to participate long-
term. Thus, selection was based exclusively on clinical attendance and willingness to be study
participants. Their clinical profile is shown in supplementary data-Table 1. OKT3, daclizumab
or simulect were used for induction therapy, with maintenance tacrolimus, MMF, and
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methylprednisolone IS. Long-term serum creatinine concentrations (Cr) were serially followed
with a nadir at 1–2 months postoperatively considered as the baseline level and any subsequent
increase (i.e. > 0.3 mg/dl) requiring documented explanation. Rejection was biopsy confirmed.
Infections and other significant adverse events requiring hospitalization were also recorded.
All had signed Institutional Review Board approved informed consents consistent with HIPPA
regulations.

Mixed Lymphocyte Reaction (MLR)
Briefly, 1×105 recipient PBMC were stimulated with 1×105 irradiated (3000 rads) PBMC from
the donor or third party not having common recipient or donor HLA [20]. The assays were
performed in 96-well flat bottom plates at a total volume of 0.2 ml/well culture medium (NAB-
CM; RPMI-1640 supplemented with 15% normal AB serum, 2 mM L-glutamine, 10 mM
HEPES and 1X antibiotic-antimycotic solution; all from Gibco-BRL, Gaithersburg, MD) in
triplicate at 37°C in 5% CO2. On day 7, 1 mCi 3H-thymidine was added to each well. After 18
hrs, the cultures were harvested using a Tomtec cell harvester (Hamden, CT). Radioactive
incorporation was measured using a PerkinElmer Beta counter (Shelton, CT). The stimulation
indices (S.I.) were calculated as:

Assessment of recipient MLR Regulation by chimeric cells in DBMC infused recipients
Fresh recipient and donor peripheral blood and recipient and donor iliac crest bone marrow
cells were obtained yearly between 1–3 years after renal transplantation. Cells of donor
phenotype from the recipient, denoted as Recipient derived Donor (RdD) cells, were isolated
and characterized as previously described [20]. Briefly, Ficoll-Hypaque separated PBMC and
iliac crest marrow cells were either depleted of or purified for donor chimeric cells using
monoclonal antibodies specific to one of the mismatched class I MHC donor alloantigens and
streptavidin-microbeads (Miltenyi Biotech Inc., Auburn, CA). After the depletion no cells of
donor phenotype could be observed by flow cytometric analysis (using a monoclonal antibody
to a second mismatched donor antigen not used for the depletion). Also, as has been published
previously [20], the RdD cells purified from recipient marrow were of multiple phenotypes,
mainly CD3+ cells subdivided into CD4+ (32.5 ± 19.3%) and CD8+ (20.8 ± 6.9%), CD19+ (5.1
± 0.9%) and CD34+ (5.4 ± 4.1%) with very few CD14+, CD33+, CD80+, CD86+ or NK-B1+

cells (n=4). These RdD cells were tested as modulator cells in MLR assays as described [20].
Briefly, 1×105 PBMC from renal transplant recipients depleted of donor chimeric cells were
stimulated with 1×105 irradiated PBMC from the living related donors (specific) or third Party
(non-specific) in presence of the indicated number of donor modulator cells and standard 3H-
thymidine incorporation assays were performed on day 7. Data were calculated as percentage
inhibition using the formula:

Cell Mediated Lympholysis (CML)
Initially conventional CML assays [21] and later, micro-CML assays [22] were performed.
Briefly, in the micro-CML, 5×104 recipient responder PBMC were stimulated with 5×104

donor or third party irradiated PBMC in replicates of 10 in 96-well U-bottom plates at 0.2 ml/
well. On the 8th day, 5×103 51Chromium labeled stimulator target cells were added. Four hours

Mathew et al. Page 3

Hum Immunol. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



later, supernatants were harvested and the released radioactivity was measured using a gamma
counter (PerkinElmer). Cultures with stimulator cells plus medium (i.e., no responder cells)
were negative controls (NC). Spontaneous and maximum release (MR) were determined by
adding target cells to wells containing NAB-CM or 1% Triton X-100 respectively. The data
were expressed:

Limiting Dilution Analysis (LDA)
To quantify Cytotoxic T Lymphocyte precursor (CTLp) frequencies, LDA were performed as
described elsewhere [23] with minor modifications. Briefly, recipient non-adherent responding
cells were separated using nylon-wool. These were > 95% T-cells by flow. Twenty replicate
cultures for each T-cell dose in eight serial dilutions ranging from 0 – 20,000 cells/well were
prepared in 96-well U-bottom plates with 1×105 donor or third party irradiated stimulator cells
and 5×104 autologous irradiated non-T feeder cells in 0.2 ml culture medium containing MLR
supernatant (50% w/v) and 10 U/ml recombinant IL-2. On day 8, 5×103 51Cr-labeled PHA
blast target cells from the corresponding stimulator were added and 4-hr chromium release
assays performed. Means of 20 wells containing labeled target cells, stimulators and feeder
cells were calculated and three standard deviations were added to the means to arrive at positive
values. Data were plotted as log fraction non-responding cultures vs. T-cell dose. CTLp
frequencies were calculated using Poisson distribution statistics [24].

Enzyme-Linked ImmunoSpot (ELISPOT) Assay
ELISPOT assays were performed as described by Heeger, et. al. [25,26] with a few
modifications. Briefly, ELISPOT plates were coated with capture antibodies for interferon-
gamma (IFN-γ) or Granzyme-B (Gr-B) (BD Sciences, San Diego, CA) and blocked with NAB-
CM (above). Two serial dilutions of recipient responder PBMC (3×105 & 3×104 per well) were
stimulated with 3×105 T-cell depleted donor or third party stimulator cells per well. Negative
control wells contained responder cells or stimulators plus medium alone. Unlike the 24-hr
incubation used by Heeger et. al. (estimating memory responses [26]), cultures were incubated
for 36 hrs at 37°C to enumerate all reactive cells. Then, the plates were sequentially incubated
at optimal dilutions with biotinylated detection antibodies for IFN-γ or Granzyme-B as
appropriate, Streptavidin-HRP and 3-amino-9-ethylcarbazole (Pierce) spot development
reagent with washing steps. The resulting spots were counted on a computer-assisted
ImmunoSpot image analyzer (Cellular Technology Ltd). Results were depicted as mean of
triplicate ELISPOT values in cultures containing responder plus donor or third party stimulator
cells after subtracting the spots in cultures with responder cells or donor cells alone (normally
<20 spots per 300,000 cells; hence the cut off value for a positive response was kept at 75 spots
per million PBMC).

Trans-Vivo Delayed Type Hypersensitivity (T-V DTH) Assay
T-V DTH tests were performed as described [27,28] with slight modifications. Briefly,
7×106 recipient PBMC were combined with 10µg of donor sonicated PBMC (~10×106 cells)
and injected into a SCID mouse footpad. Positive and negative controls consisted of recipient
PBMC mixed with 10µg of Epstein-Barr virus (EBV) protein (ABI, Columbia, MD) or PBS,
respectively. A fourth combination of recipient PBMC mixed with EBV protein plus donor
sonicates detected specific “linked suppression”. The total inoculum volume was 50 µl.
Swelling was measured by a spring-loaded caliper in units of 10−4 inches. Averages of three
measurements of the negative control (usually less than 2×10−3 inches) were subtracted from
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similar measurements of the experimental and positive control combinations. Readings were
taken by observers blinded to the injected material.

Panel Reactive Antibodies (PRA)
The PRA were monitored sequentially by microcytotoxicity using One Lambda Cells Trays
LCT 60-ABC and LCT-3OD and Enzyme-linked Immunosorbent Assays (One Lambda kits
LAT 140, 240 and 1288) as per the manufacturer’s protocol. Recently, Class-I, Class-II, antigen
specific PRA and MICA measurements were performed retrospectively with frozen sera
collected at biannual intervals using Luminex assays (One Lambda).

Chimerism Analysis
Donor chimerism in the recipient peripheral blood and iliac crest marrow aspirates was
analyzed using the PCR-Flow assay described elsewhere [11,29].

Statistics
Data were analyzed with graphical methods wherever applicable. All data were summarized
using mean and standard deviation for continuous variables and count and frequency for
categorical variables. Patients were clustered into different subsets based on responsiveness
patterns within each single assay and for all six assays combined (MLR, CTL by CML, LDA
and/or micro-CML, ELISPOT for IFN-γ, ELISPOT for granzyme-B, T-V DTH and anti-donor
antibodies). Differences among the three treatment groups were compared using Fisher’s exact
test. For all tests, a p value of < 0.05 was considered statistically significant.

RESULTS
Clinical Follow-up

The demographics and clinical recipient status are shown in supplementary data-Table 1.
Because of geography, there was a significantly higher proportion of Hispanics. All study
patients had functioning grafts with no recent infections requiring hospitalization, cancer or
limiting cardiovascular disease (not shown). There was only one biopsy proven acute and no
chronic rejection during the entire postoperative follow-up period in each of the groups
(Supplementary data-Table 1). There was no significant change in recipient Cr long-term from
the baseline levels. All were under long-term triple IS (see above) but with an overall tendency
to dose reduction (NS).

Antibody Responses
All recipients had donor negative crossmatches before transplantation. The PRA performed
semi-annually were increased across the board peaking at 2–5 years post-transplantation (Table
1) predominantly to non-donor HLA-Class I and less frequently to Class II specificities. No
donor specific antibodies were observed. Antibodies to MICA occurred in some patients with
no clinically observed differences between reactors and non-reactors (not shown).

Mixed Lymphocyte Reactions
Serial post-transplant MLR in the 20 DBMC recipients showed three patterns of reactivity (Fig.
1). Eight became donor specifically unresponsive by 1–3 years with no reversion to positivity
(Fig.1A). In 5 there was a transient reduction, followed by a return to reactivity which
eventually reverted back to donor specific unresponsiveness long-term (Figure 1B). A total of
13/20, therefore, showed long-term donor specific unresponsiveness. However, in 7 the anti-
donor reactivity gradually returned after earlier non-specific reduction (Figure 1C). All had
consistently positive third party reactivity, except for transient reduction 1–2 years
postoperatively (Fig.1A, B & C, right panels); therefore, longer term unresponsiveness was
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donor-specific. However, 3 of 8 non-infused haploidentical controls and most of the HLA-id
patients also showed long-term donor specific unresponsiveness (Fig.1D) (p= 0.37, DBMC vs
haplo-controls).

Cytotoxic Immune Responses
The CTL responses to the donor were serially followed at yearly or two year intervals in 16
DBMC patients some of which also by limiting dilution analysis. Thirteen patients showed
donor specific CML unresponsiveness (Fig. 2A), and the three others showed borderline
reactivity (Fig.2B). All reacted to third party cells.

To monitor whether the CTL unresponsiveness occurred at the precursor level, 8 DBMC
recipients were also serially tested in LDA (Fig. 2C & D). Six who were also unresponsive in
CML also showed CTLp frequencies below detection levels after 24 months (Fig. 2C) while
2 were marginally positive (Fig. 2D). Additionally, among 14 other DBMC recipients, not
serially followed by LDA but tested only once post-operatively after 24 months, 6 had
borderline CTLp (50–147 per 1×106 T cells), while 8 became negative to the donor (not shown).
This was in contrast to “normal” CTLp levels (92 – 294 per 1×106 T cells) to the donor pre-
transplantation, and 101 – 1,000 CTLp per 1×106 T cells to a third party at all times tested.
These findings were consistent with the notion that the unresponsiveness of the DBMC
recipients was at the CTL-precursor level.

We have also compared the micro-CML responses in the three groups of patients between 50
– 134 months post-transplantation (Fig.2E). All except 1/18 of the DBMC infused and all HLA-
id patients showed donor specific unresponsiveness, while 3/8 control patients were reactive
(p= 0.12, DBMC vs haplo-controls).

ELISPOT assays for the enumeration of IFN-γ and Granzyme-B producing cells
When the ELISPOT technology became available, it was performed between 48 and 134
months post-transplantation for IFN-γ and granzyme-B producing cells. As in the case of MLR
and CTL assays, the majority of the DBMC infused patients did not have IFN-γ (11/17) and
Granzyme-B (12/16) producing cells to the donor (Fig. 3). A similar profile was observed in
the haplo-controls and HLA-id recipients. Even in the few residual responders the frequency
of donor reactive cells was significantly lower than that against the third party. Pre-transplant
anti-donor IFN-γ and Granzyme-B responses performed subsequently in another group of
LRD-haploidentical renal transplant patients were found to be between 200–793 secreting cells
per 1×106 PBMC (n=15, data not shown).

Transvivo-DTH Assay (T-V DTH)
Most of the recipients were also followed one or more time(s) between 48 and 134 months
postoperatively with T-V DTH when that assay became available. Fourteen of nineteen DBMC
recipients had no T-V DTH responses to the donor, while 5 were reactive (Fig. 4, left). All
were reactive to EBV. In 16/19 recipients donor but not third party sonicate down-regulated
the EBV responses, termed “linked suppression”, indicative of regulatory cells in the recipient
PBMC. In contrast none of the haplo-controls showed donor specific unresponsiveness
(p<0.01) and only 1/8 had “linked suppression”. Unexpectedly, 4/9 HLA-id patients reacted
to the donor and only 1 demonstrated “linked suppression”.

Assessment of Regulatory functions
To define the role of regulatory cells of donor phenotype on the observed immune
unresponsiveness, donor chimeric cells were depleted and then also added back to the recipient
responder cells in MLR (Fig. 5). In DBMC patients, who were still reactive at 1–3 years post-
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transplant, an increase of 189±64% response (n=8; p < 0.009) was observed in the anti-donor
MLR (Fig. 5A). However, among the 3 recipients who had become unresponsive to the donor,
depletion of the donor chimeric cells did not bring back the responses (Fig.5A) with no (VR
& RD; Fig. 1A); (2) or transient (AV; Fig. 1B) return of anti-donor MLR reactivity. There was
no significant increase (106±15%; p = 0.06) in the MLR to the third party (Fig.5B).

When purified cells of donor phenotype, termed recipient derived donor (RdD) cells, from
recipient post-transplant iliac crest bone marrow (BM-RdD) or peripheral blood (PBL-RdD)
were added back into the cultures, there was a dose-dependent inhibition of the MLR (Fig.
5C). This was more marked than that observed with fresh donor bone marrow obtained at the
time of the follow-up (Fig. 5C), confirming our previous report [20]. Additionally, this
inhibition was quasi-antigen specific in that the anti-third party MLR responses were inhibited
only at higher but not at lower modulator cell numbers, whereas anti-donor responses were
still significantly inhibited (Fig 5C vs. Fig 5D; p< 0.002).

Donor Microchimerism
All DBMC recipients had between 0.48% and 1.41% donor microchimerism in iliac crest bone
marrow samples (Table 1), levels ~10-fold higher than those in the PBMC (data not shown;
please see reference 15). However, microchimerism levels did not appear to be proportional
to the degree of donor specific unresponsiveness in the various immune assays, i.e., the DBMC
patients towards the top of the DBMC group in Table 1 did not have higher bone marrow
chimerism than those towards the bottom of the group. The haplo-controls did not have
detectable PBMC chimerism. The bone marrow of the haplo-controls and HLA-id as well as
the peripheral blood of the HLA-id were not tested.

Summation of all ex vivo assays
Since the study was also to identify recipients predictive of possible IS withdrawal, each patient
was tested simultaneously in MLR, micro-CML, ELISPOT assays for IFN-γ and granzyme-
B, T-V DTH and for antibodies between 49–134 months post-transplantation (Table 1). The
rationale for this approach was that each of these assays measures a different aspect of the
immune response and that all had been previously utilized singly to assess tolerogenic profile,
but with limited success. It had been suggested that a positive MLR to the donor might even
be due to the proliferation of donor specific regulatory cells and thus might not be indicative
of the absence of tolerance (workshops, unpublished). Therefore, if the MLR data were
excluded, 9/18 DBMC patients were unresponsive to the donor in all the other assays (Table
1, top left), five responded only in one other assay and only 4 (MA1, SS, CP & TH) were
reactive in more than 2 assays (Table 1 and Figs 2–5); even these did not show any adverse
clinical events on IS (Supplementary Table 1). All except patients VM, CP and TH also showed
linked suppression in the T-V DTH assay. With the same criteria, none of the haploidentical
control patients showed across the board donor specific unresponsiveness (Table 1, middle).
The HLA identical group showed similar pattern (Table 1, bottom) to the DBMC infused group,
except for the absence of linked suppression in 8/9 patients. When the assays were repeated
again in a majority of theses patients similar results were obtained (not shown). Therefore,
using this more stringent criterion for donor specific unresponsiveness, possible tolerant
individuals were observed in the DBMC infused group as was done in the HLA-identical group
of patients, thus indicating the tolerogenic nature of DBMC.

DISCUSSION
We have followed-up three groups of LRD-kidney transplant patients so as to distinguish their
anti-donor immune reactivities as well as to possibly identify potentially tolerant recipients,
although all were still IS treated. The approach was to use a summation of the reactivities in
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multiple functional ex vivo immune assays. They included MLR, micro-CML (also CML and
LDA for CTL), ELISPOT for the enumeration of interferon-gamma and granzyme-B secreting
cells, trans-vivo DTH, and luminex/micro-cytotoxicity to detect donor and panel reactive
antibodies. The rationale for this approach was that each of these assays measures a different
aspect of the immune response and that all had been previously utilized singly to assess
tolerogenic profile, but with limited success. The mechanism of chimerism mediated regulation
was also assessed in a group of DBMC infused recipients by depleting the cells of donor
phenotype from the recipient’s post-transplant responding cells in MLR as well as by adding
them back to the cultures at serial doses.

Despite the recent observations by Kawai, et.al. [30], we still consider the absence of antibodies
to the donor as a pre-requisite for tolerance. None of the three groups of patients had antibodies
to the donor (Table 1). However, when very sensitive Luminex assessments were made, many
patients had varying levels of (non-specific) PRA (Supplemental Table 1) and antibodies to
MICA (not shown); but their relevance is still not clear.

Among the cellular immune responses, the first to disappear were donor specific CTLs,
consistent with previous observations [31,32]. Thus, CML unresponsiveness was observed in
most DBMC patients after 1–2 years (Fig. 2A), which appeared to be due to the deletion of
CTL-precursors from the peripheral circulation as shown by the LDA results (Fig. 2 C),
possibly similar to observations in liver transplant recipients [23]. However, in a few recipients
PBMC were still capable of producing granzyme-B upon stimulation with donor cells even 5–
6 years post-operatively (Fig. 3 D & Table 1), thus also indicating that the CTLs might not be
deleted as yet in all recipients.

The T-V DTH assay is a relatively new and is being utilized in a few laboratories for transplant
immune monitoring [27,28,33,34]. It appeared to be quite sensitive to detect alloimmune
sensitization vs immunoregulation in this study (Fig. 4 and Table 1). However, the T-V DTH
can be very subjective, and needs to be performed in a blinded fashion. Nonetheless, in the
present study, it was the only assay that singly discriminated between the controls, the DBMC
infused and the HLA-identical patients. Thus, none of the controls but majority of DBMC
infused recipients, showed both donor specific unresponsiveness and “linked
suppression” [28]. It is interesting to note that 4/11 HLA-identical recipients showed T-V DTH
to the donor possibly by allo-sensitization to donor non-MHC and/or minor antigens [35].
However, since this group of patients was not infused with DBMC, the majority did not
demonstrate “linked suppression”. The latter finding is in divergence with those of Cai et al,
[35] who observed “linked suppression” in this group.

The production of IFN-γ in the ELISPOT assays appears to be important since patients who
produced this cytokine were also reactive to the donor in many other assays (Table 1).

A mechanism by which unresponsiveness to the donor occurred in DBMC patients might have
been through immune regulation by donor microchimerism in the bone marrow compartment
(Table 1) and in the circulation [12,15]. Depletion of cells of donor phenotype from the post-
transplant responder PBMC increased the anti-donor MLR (Fig. 5A) and in some patients CML
responses (not shown). This increase was observed in patients who were still reactive or had
become recently unresponsive to the donor (i.e. at the early post-transplant period).
Furthermore, addition of purified RdD chimeric cells into donor cell-depleted recipient
responder PBMC specifically inhibited the recipients’ MLR in a dose-dependent manner (Fig.
5C), confirming our previous results [15,20]. This inhibition was quasi-antigen specific in that
the anti-third party MLR responses were strongly inhibited at higher but not at lower modulator
cell numbers (Fig. 5D) that still inhibited the anti-donor responses (Fig. 5C). This specificity
was also observed when depletion of donor chimeric cells did not increase the anti-third party
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MLR (Fig. 5B). Similar regulatory cell effects were also observed by Burlingham et al. [36].
We have also observed such phenomena in alemtuzimab treated, donor hematopoietic stem
cell infused recipients, in that depletion of either donor cells or recipient CD25+ cells from the
post-transplant responder PBMC increased the anti-donor MLR, as well as purified post-
transplant chimeric cells of both donor and recipient phenotypes potently inhibited the (pre-
transplant) responses in a dose-dependent manner [37]. Additionally, we have described the
presence of higher levels of Fox-P3 messenger RNA in a group of long-term dd-kidney
transplant recipients infused with DBMC and with better 10 year graft survival, when compared
to similarly treated non-randomized non- infused controls [17]. These studies, therefore, would
strongly suggest a major role for regulatory cells in inducing the ex vivo unresponsiveness
observed after DBMC infusion, although the true test is obviously successful IS minimization
or even withdrawal.

In summary we have developed a proposed “tolerance profile” for the identification of renal
transplant recipients in whom reduction or perhaps complete withdrawal of IS might be
considered. A systematic analysis of the three aspects of the anti-donor immune responses, i.e.,
humoral, cellular and inflammatory hypersensitivity, using an array of ex vivo assays has been
performed. Use of this summation may allow us to propose a scheme wherein unresponsiveness
to the donor in the various assays from most to least importance can be assessed: absence of
antibodies to donor specificities > CTL unresponsiveness > absence of granzyme-B producing
cells > non-reactivity in the transvivo-DTH assays > possible presence of “linked suppression
in transvivo-DTH assays > absence of IFN-γ producing cells > possible MLR
unresponsiveness. It may further be suggested that the patients who have achieved
unresponsiveness to the donor in all these, except may be in the MLR, is truly tolerant to the
donor. The only clear test for this notion is to discontinue the use of immunosuppressive drugs
in these patients. Additionally, we have not monitored the immune status within the graft itself
due to the invasiveness of the procedure. Most importantly, this study has also indicated the
tolerogenic nature of DBMC infusions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

ABBREVIATIONS
3H-TdR Tritiated Thymidine

BM Bone Marrow

CML Cell Mediated Lympholysis

CPM Counts per Minute

CTL Cytotoxic T Lymphocytes

CTLp CTL Precursors

Cr Creatinine

DBMC Donor Bone Marrow Cell(s)

dd Deceased Donor

EBV Epstein - Barr Virus

ELISPOT Enzyme-Linked Immuno-spot

Gr-B Granzyme-B

Haplo-controls haploidentical LRD-kidney control patients (without DBMC infusion)
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HLA Human Leukocyte Antigen

HLA-Id HLA-identical (Renal Transplant Patients)

IFN-γ Interferon-gamma

IS Immunosuppression; Immunosuppressive Drugs

LDA Limiting Dilution Analysis

LRD Living Related Donor

MHC Major Histocompatibility Complex

MLR Mixed Lymphocyte Reaction

MMF Mycophenolate Mofetil

NAB-CM Normal AB Serum containing Culture Medium

PBMC Peripheral Blood Mononuclear Cells

PRA Panel Reactive Antibodies

RdD Cells Recipient derived Donor Cells

SCID Severe Combined Immunodeficient

SI Stimulation Index

T-V DTH Trans-vivo Delayed Type Hypersensitivity
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Figure 1. Mixed Lymphocyte Reaction (MLR) in Kidney transplant recipients
1×105 recipient responder PBMC were stimulated with 1×105 donor or third party irradiated
PBMC and standard 16-hr 3H-thymidine incorporation assays were performed after 7 days
(peak proliferation). The stimulation indices (mean of triplicate cultures) categorized
individual DBMC recipients into one of three patterns (A, B & C) of reactivity to the donor
(left). On the right the mean ± SD responses to the donor and third party of the group are shown.
In Fig. 1D, the SIs. of the three groups of patients are compared at 49–134 months post-
transplant. SI. of 3 was considered the cut-off value for a positive response [11], represented
by the dashed lines and the percentage of recipients showing unresponsiveness long-term are
shown at the bottom. Please note that the data are shown in log-10 scale in Fig. 1D.
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Figure 2. Cytotoxic T Cell responses in LRD-Kidney transplant recipients
(A & B) Cell Mediated Lympholysis (CML) in DBMC infused recipients: 4×106 recipient
responder PMBC were cultured with 4×106 irradiated donor or third party PMBC and standard
4 hr 51Cr-release assays against the respective stimulators were performed on day 8. The data
on the left are shown as percent specific lysis for E: T ratios of 50:1 in individual recipients,
which segregated into two patterns of reactivity to the donor, i.e. the majority showing
unresponsiveness (A) and a minority showing residual responses (B) after 1–3 years post-
transplant. On the right is represented the mean ± SD responses of the two patterns A & B to
the donor and third party. Percent specific lysis of 5 was considered the cut-off value for a
positive response [11], represented by the dashed lines.
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(C&D) Limiting Dilution Analysis (LDA) for the enumeration of CTL-precursors in DBMC
infused Kidney transplant recipients: Serial dilutions of recipient responder T cells (0 – 20,000
cells/well) were stimulated with 1×105 irradiated donor or third party PMBC in presence of
5×104 autologous non-T cells. On day 8, 5×103 51Cr-labeled PHA blast target cells from the
corresponding stimulator were added and 4-hr chromium release assays were performed. Data
were plotted as log fraction non-responding cultures vs. T cell dose, the frequencies calculated
and depicted here as CTLp per 1×106 T cells. CTLp frequency of 50 per 1×106 T cells was
considered the cut-off value for a positive response, represented by the dashed lines. Two
patterns of reactivity (C & D) were observed with the majority showing deletion of donor
specific CTLp after 1–3 years (C). On the left are depicted the CTLp frequencies of individual
recipients; and on the right are the mean ± SD frequencies of the groups (C or D).
E: Micro-CML responses in three groups of LRD-Kidney transplant recipients at 49–134
months: Micro-CML were performed as described under Materials and Methods. Percent
specific lysis of 5 was considered the cut-off value shown by the dashed lines and the percentage
of recipients demonstrating donor specific unresponsiveness are indicated below data symbols.
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Figure 3. Enzyme-Linked ImmunoSpot (ELISPOT) assay for the enumeration of interferon-
gamma and granzyme-B secreting cells in LRD -Kidney transplant recipients
Two serial dilutions of recipient PMBC responder cells (3×105 & 3×104 per well) were
stimulated with 3×105 per well T cell depleted donor or third party cells in capture antibody
coated ELISPOT plates. After 36 hrs, the plates were washed and analyzed for the respective
cytokines using biotinylated antibodies, followed by signal development and detection with
ELISPOT reader. Each symbol represents data from individual recipients. The frequency of
75 cytokine secreting cells per million PMBC was considered the cut-off value for a positive
response represented by the dashed line and the percentage of recipients demonstrating donor
specific unresponsiveness are indicated below data symbols. The frequencies of IFN-γ (A) and
Granzyme-B (B) secreting cells in the three groups of patients are shown.
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Figure 4. Trans-vivo Delayed-Type Hypersensitivity (T-V DTH) assay in LRD-Kidney transplant
recipients and its correlation with linked suppression
7×106 responder recipient PMBC were combined with stimulator sonicated donor PMBC,
Epstein-Barr virus (EBV) protein (experimental and positive controls, respectively) or a
mixture of the two (for assessing “linked suppression”) and injected into a pre-measured SCID
mouse footpad. Twenty-four hours later foot-pad measurements were taken again and the data
are expressed as swelling after subtracting the values seen with the (negative) medium control.
The experiments were performed blindly, i.e., the measuring observer was unaware of the
composition of the various inocula. Each symbol represents an individual recipient. Swelling
of 0.002 inch above the saline control was considered positive reactivity and represented by
the dashed line, and the percentages of recipients demonstrating donor specific
unresponsiveness are indicated below data symbols in each group. A decrease in 0.002 inch to
the positive EBV control by the presence of donor antigen was considered indicative of “linked
suppression” which is depicted as down-ward curves from the response to EBV to the responses
to EBV+Donor. The patients CP, TH & VM were the only recipients in the DBMC group in
whom both a positive anti-donor response and no “linked suppression” were observed (upward
lines in A).
Note: since the anti-donor values in the DBMC and HLA-id groups were either 0.000 or 0.001,
all the symbols were plotted overlapping one another by the graphing program, and hence are
not visible.
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Figure 5. Role of chimeric cells of donor phenotype present in DBMC recipients on MLR regulation
(A & B): Recipient PMBC were used as responders in MLR either before (Total) or after the
depletion of donor cells (D-Depleted) using monoclonal antibodies to mismatched HLA-Class
I and Miltenyi magnetic microbeads.
(C & D): 1×105 PMBC from renal transplant recipients depleted of donor chimeric cells were
stimulated with 1×105 irradiated PMBC from the living related donors (C) or third Party (D)
in presence of the indicated number of donor modulator cells and standard 3H-thymidine
incorporation assays were performed on day 7. Data are shown as percentage inhibition ± SE
(n=6; i.e. patients CC, CP, MA, RD, VM & PR). Statistically significant differences were
obtained in the inhibition of anti-donor MLR between fresh DBMC versus RdD cells from the
bone marrow (BM-RdD; p< 0.001) and fresh DBMC versus RdD cells from the peripheral
blood (PBL-RdD; p<0.01).
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