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Abstract
Background—Controversy exists about the conditions effecting the development of FOXP3
expressing T cells and their relevance in transplant recipients.

Methods—We generated CFSE-labeled CD4+CD25highFOXP3+ cells in MLRs (‘the Treg MLR’),
with varying HLA disparities and cell components. Five color flow cytometry and 3H TdR uptakes
were the readouts.

Results—1) Despite lower Stimulation Indices (SI) than 2 DR-mismatched MLRs, 2 DR-matched
MLRs generated >2 fold higher percentages when gating on proliferating CD4+CD25highFOXP3+

cells; 2) Even with low numbers of proliferating cells, autologous and HLA identical MLRs generated
the highest FOXP3+ : FOXP3- cell ratios; 3) Elimination of either non-CD3+ responding cells
(resulting in ‘direct presentation’ only) or responding CD25+ (Treg generating) cells increased the
SI but inhibited proliferating CD4+CD25HighFOXP3+ cell development; 4) MLR-generated
CD4+CD25HighFOXP3+ cells added as third components specifically inhibited the same freshly set
MLR SI and caused recruitment of new CD4+CD25HighFOXP3+ cells. As an example of the ‘Treg
MLR’ immune monitoring potential, addition of third component PBMC containing high percentages
of CD4+CD25highFOXP3+ cells from an HLA identical kidney transplant recipient (in a tolerance
protocol) caused donor-specific Treg MLR inhibition/recruitment. This was similar to the third
component MLR Tregs generated entirely in vitro.

Conclusion—In the ‘Treg MLR’, the generation of CD4+CD25High FOXP3+ cells is more
pronounced in the context of self-recognition (HLA matching, indirect presentation). These cells can
be assayed for MLR inhibitory and Treg recruitment functions, so as to immunologically monitor
allo-specific regulation after transplantation.

Keywords
Mixed lymphocyte reaction; Immune monitoring assay; Human Tregs; FOXP3+ cells

Introduction
The detection of the intracellular transcription-like molecule, FOXP3 in experimental animals
has been associated with functional (in vitro and in vivo) T immunoregulatory cell (Treg) effects
(1). However, there has been a lack of clarity regarding FOXP3 expressing T cells in humans,
especially in organ transplant recipients, in which their meaning in peripheral blood and in
organ transplant biopsies, often during rejection episodes, is not clear. This ambiguity includes
the interpretation of variable immunoregulatory effects that occur in vitro (2). For instance, in
vitro generation of human FOXP3+ putative Tregs was reported to develop in the context of
both anti-CD3 and alloimmune mixed lymphocyte reaction (MLR) activation (3). Also, even
naïve CD4+ cells transiently express FOXP3 without activation (4). These reports have not
attempted to discriminate several experimental variables affecting Treg generation.

We therefore reasoned that the in vitro generation of FOXP3 expressing CD4+ T cells after
exposure to an allogeneic stimulus in the MLR would be a suitable place to understand defined
conditions that might affect their appearance and function, in contrast with other reports (3,
5). The assay might then be used in immune monitoring after transplantation. In this regard 1)
alloimmune vs. autologous reactivity, 2) the importance of activation/mitogenesis and
proliferation, 3) the degree of responder/stimulator histocompatibility, 4) direct vs. indirect
antigen presentation 5) in vitro functional assessment of these MLR generated Tregs

Levitsky et al. Page 2

Transplantation. Author manuscript; available in PMC 2010 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(immunophenotypically CD4+CD25+ FOXP3+ CD127-) as third components causing
inhibitory allospecificity and “infectious” recruitment are all presented in this study.

Conditions affecting Treg generation in MLR and the effects of adding third components to
the assay to inhibit SI and recruit Tregs were analyzed, first in HLA DR matched and
mismatched unrelated healthy human volunteers, and then in HLA genotypically identical
donor/recipient sibling pairs before renal transplantation. Finally, third component pre- and
post- renal transplant PBMC obtained from recipients in an HLA identical tolerance protocol
were tested for inhibition/recruitment in donor specific immune monitoring assays. Our goal
was therefore to define conditions so as to use this novel ‘Treg MLR’ in the prospective
immunological follow-up of transplant recipients.

Materials and Methods
MLR Responder and Stimulator Cell Donors and HLA Typing

The research was conducted on human subjects with the approval of the Northwestern
Institutional Review Board. The peripheral blood donors selected for unidirectional MLR
analysis were: 1. Twenty-two unrelated healthy laboratory volunteer pairs with molecularly
defined matches or mismatches at the HLA DR loci; 2. Four pre- and one post-renal transplant
donor/recipient sibling pairs with molecularly defined genotypic HLA identity. In several
experiments with the volunteers the cultures were prepared in sets of three: the responding
cells of one were added to stimulating cells of a 2 DR matched vs. 2 DR mismatched pair
member. In the HLA identical pre- and post-transplant donor/recipient pairs, the combinations
consisted of both pair members tested against each other and also vs. an indifferent 2 DR
mismatched laboratory volunteer.

PBMC Isolation, Unidirectional MLR Culture Preparation and Responding Cell Subset
Immunoselection

Peripheral blood mononuclear cells (PBMC) were isolated from heparinized whole blood on
Ficoll-Hypaque gradients. Pairs of CFSE labeled responding and non-CFSE labeled x-
irradiated stimulating PBMC (see below) were co-cultured using complete media consisting
of RPMI 1640 with 15% normal human AB serum, 2 mM L-glutamine, 10 mM Hepes and 1
× pen/strep/glutamine solution (GIBCO-BRL, Gaithersburg, MD). Stimulating cells were
irradiated with 3000 RADS in a Gamma cell 40 Cesium 137 source (Nordia). Three cell
concentrations were utilized: 1) 1 × 105 stimulating and 1×105 responding cells in 0.2 ml/well
using 96 well plates; 2) 5 × 105 or 1 × 106 responding and 5×105 or 1×106 stimulating cells
respectively in 1 or 2 ml/well, using 48 or 24 well plates; 3) 40×106 responding and stimulating
cells respectively in 40 ml cultures in T-75 flasks. Cultures were incubated at 37°C in a 5%
CO2 humidified atmosphere for 1, 3, 5, 7 and 9 days before processing. In addition, autologous
assays using stimulator/responder cell combinations from the same individual were performed
simultaneously.

To analyze the effect of direct vs. indirect antigen presentation on MLR Treg generation,
negative selection with immunobeads (Miltenyi Biotech) removed either CD3- cells, which
included antigen presenting cells (APC), from the responding cell populations, thereby
increasing the CD3+ purity to >98%. Also, CD25+ cells were similarly depleted from the
responding cell population leaving CD25- cells with 99% purity. These selected responder cells
were cocultured in similar concentrations to those described above.

Cryopreservation and Thawing of PBMC for MLR Assays
An NIH approved tolerance inducing protocol is being conducted at this center which involves
storage of large quantities of recipient and donor PBMC for monitoring immune regulation
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post-operatively. Consequently recipient PBMC obtained by pretransplant leukopheresis, as
well as the negative (or ‘bypass) fraction obtained after the isolation of mobilized CD34+

hematopoetic stem cells from the leukopheresed donor, were purified by Ficoll-Hypaque
gradient centrifugation and cryopreserved in 10% Dimethyl-sulphoxide under liquid nitrogen.
These cells were then thawed and used as responders, stimulators or third component
modulators in MLR.

Flow Cytometry Protocols and Analyses
Cells were tested at 1, 3, 5, 7 and 9 days in culture by immunophenotyping for surface markers
CD3, CD4, CD8, CD25, and CD127 with monoclonal antibodies directly conjugated with one
of four fluorochromes, i.e., fluoroscein isothiocyanate (FITC), phycoerythrin (PE),
phycoerythrin-cyanin 5 (PC5) and phycoerythrin-cyanin 7 (PC7) (Beckman-Coulter, Miami,
FL), and intracellular FOXP3 using PE-conjugated FOXP3 kits (eBiosciences) following the
manufacturers instructions. They were washed, read in a 5-color FC500 flow cytometer
(Beckman-Coulter, Miami, FL) and analyzed for 1×105 cellular events. Isotype controls were
used to determine background fluorescence.

Assessment of Proliferation
Responding cell proliferation was measured by 3H-thymidine (3H-TdR) incorporation and by
CFSE labeling (5-7). In each experiment 3H-TdR was estimated as a check on proliferation
seen by CFSE. For 3H-TdR uptake, 1×105 responding (CFSE labeled) cells were stimulated
with 1×105 irradiated cells (3000 Rads) in triplicate. On day 5, 7, and 9, 1 uCi 3H-TdR was
added to each well and after 18 hr, the cultures were processed using a Tomtec cell harvester
(Hamden, CT). Radioactive incorporation was measured using a Packard-Beta counter
(Meriden, CT). The SI were calculated using the formula: CPM in experimental combinations /
CPM in autologous control combinations. As a control for proliferative ability, 5ug of PHA
(Invitrogen) was added to 1 × 105 (non-irradiated) responder cells of each individual, and 3H-
TdR was added 18 hours before culture processing at day 3. For CFSE labeling, this reagent
was added to the cell preparations as per the manufacturer's instructions with a labeling
efficiency of >99%.

Assessment of Regulatory Functions
1. MLR inhibition—For alloantigen specific functional assessment, first Tregs were
generated in bulk MLR, in which 40×106 responder cells were stimulated with 40×106

irradiated stimulator cells in multiple T-75 flasks at 1×106 cells/ml concentrations. After 7 days
the CD25High CD127- cells were enriched using the Regulatory T cell Isolation Kit and
AutoMACS (Miltenyi Biotech), resulting in >98%CD25High CD127- cells that were >50%
FOXP3+. This enriched Treg population was added as (third component) modulator cells
(50,000; 20,000; 8,000; 3,200; 1,280; 512 cells) to measure specific inhibition on freshly
prepared MLRs identical to the HLA matched/mismatched MLRs that initially generated this
population (flow diagram below). Similar numbers of fresh x-irradiated or unirradiated
autologous responder cells were added as comparative controls. After the culture times
described above, 1 uCi 3H-TdR was added and 18 hr later the cultures were harvested and the
radioactive incorporation was measured. The percentage inhibition by the third component
Tregs was calculated using the formula: 1 - [CPM in presence of Treg modulators
(unirradiated) / CPM in presence of additional (fresh) autologous responders] × 100.
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2. “Infectious” Treg MLR recruitment—After isolation by AutoMACS described above,
1×105 non-CFSE labeled CD4+CD25High CD127- Tregs (generated in 2 DR matched MLR)
were added as third components to 5×105 cells each of freshly prepared CFSE labeled
responder vs. (non-labeled) specific or non-specific (2 DR matched and mismatched,
respectively) x-irradiated stimulator pairs in MLR (see flow diagram above). As controls, third
component modulator cells also consisted of similar numbers of freshly drawn uncultured
responder cells. The percentages of newly CFSE labeled CD4+CD25High FOXP3+ (fresh)
responding cells generated in culture (recruitment) were measured by flow cytometry after 3,
5 and 7 days.

When adapted as an immune monitoring assay of functional Treg assessment, step #1 of the
flow diagram was substituted by third component putative Tregs added as PBMC obtained
pre- and 1 year postoperatively from a kidney transplant recipient. These cells were added to
cryopreserved-thawed preparations of recipient and donor cells tested in the Treg MLR readout
as in step #2 of the flow diagram. The PBMC for this readout had been stored preoperatively
when large cell numbers were made available from preoperative leukopheresis of donor and
recipient PBMC in accordance with an NIH sponsored tolerance protocol.

Statistical Methods
Data were analyzed using univariate and graphical methods wherever applicable.
Nonparametric (Wilcoxon signed rank test) statistical methods were used to compare paired
groups. Statistical significance was established at a two-sided alpha level of 0.05 using SAS
9.1 statistical software (SAS Inc., Cary, NC).

Results
The Effect of Class II HLA Compatibility on Treg Generation

Representative experiments are shown in Figures 1 and 2. Figure 1A shows that dead cells
were gated out by forward and side scatter. Viable cells were then analyzed. As expected, the
overall number of proliferating cells was significantly lower in the 2 DR-matched vs. the 2 DR
mismatched combinations, both by 3H-TdR uptake (SI) and CFSE dilution (Figure 1A, 2A and
2B). Despite this, the ratio of (total CD4+) CD25+FOXP3+ to CD25+ FOXP3- cells of the 2
DR matched MLRs was much higher than that of the 2 DR mismatched MLRs, i.e. 5.6%:2.6%
vs. 10%:27% respectively (comparing the right and left upper quadrants of the dot blots on the
right, Figure 1B). Also, there were many more FOXP3+ cells that were CD127+ in the 2 DR-
mismatched MLRs (dot blots in the middle, Figure 1B). Moreover, when those ratios were
focused on the proliferating cell fraction rather than on the entire culture, even with lower SI
and cell proliferation by CFSE stain shift, there were greater overall ratios of FOXP3+ :
FOXP3- and CD25+ : CD25- cells in the 2 DR matched vs. the 2 DR mismatched MLRs
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(Figures, 2A and 2B). This latter finding could especially be seen in the CD25HighFOXP3+

high intensity staining subset of CD4+ proliferating cells. Table 1A illustrates the peak SI and
CD4+CD25High FOXP3+ cells in proliferating kinetics in each of the 8 experiments (responder
vs. 2 DR matched and 2 DR mismatched). In each experiment the FOXP3+ cell subset
percentage showed an inverse relationship between Class II mismatches and SIs. Even though
in the Table the means ± SD of only the CD25High are depicted, the same findings occurred
with each of the CD4+ FOXP3+ subpopulations (not shown).

Direct Vs. Indirect Antigen Presentation
As shown in Table 1B, lymphoproliferation by 3H-TdR uptake (SI) was significantly
augmented but CD4+CD25High FOXP3+ T cell generation in proliferating (and non-
proliferating, not shown) populations was significantly decreased in the MLRs involving
CD3+ selected (direct presentation only) vs. unselected PBMC responding cells (both direct
and indirect presentation) (p <.01). These observations were similar between 2 DR matched
or mismatched pairs (not shown). This was consistent with the notion that indirect antigen
presentation involving self-recognition, i.e. alloantigen presentation by autologous APCs, was
a major influence in the generation of such CD4+CD25High FOXP3+ cells in MLR.

Removal of CD25+ Cells
As depicted in Table 1C, when CD25+ cells were removed from the responding cell preparation
there was a marked reduction in the resulting percentages of CD4+CD25High FOXP3+ cells
generated in proliferating (and non-proliferating, not shown) populations, again despite a
notable increase in SI. This supports the notion that the presence of CD25+ cells at baseline is
important in Treg MLR generation.

Treg Generation in Autologous and HLA Identical MLRs
The autologous and HLA identical MLRs, i.e. of 4 pairs of (healthy) donor siblings HLA
identically matched with their ESRD recipients, were then studied pre-transplant to determine
the relationship between proliferation and the generation of CD4+CD25+ FOXP3+ expression
(Figure 3). As expected, the overall percentages of proliferating cells in the CD25+ and
FOXP3+ fractions in both autologous and HLA-identical MLRs were equivalently low. In
addition, there were only low intensity CD25+ and FOXP3+ proliferating cells that were
generated (either autologous or between pair members). However, despite the low
proliferation, the overall ratio of FOXP3+:FOXP3- proliferating cells in these MLRs was higher
than either of the non-HLA identical groups. This predominantly dim pattern was seen in each
of the four HLA identical pairs studied pre-operatively (donor vs. recipient and vice versa).
Nevertheless, the ratio of the overall percentages of FOXP3+:FOXP3- cells in the HLA
identical groups were 3.8±1.9 : 1.7±0.1 (n=8, donor and recipient tested reciprocally) vs. 6.3
±1.6 : 34.2±8.2 (n=8) (p=0.01) in the 2 DR matched groups and 6.2±0.5 : 42.4±7.6 (n=8)
(p=0.002) in the 2 DR mismatched groups.

In Vitro (Functional) Treg Effects
The CD4+CD25High cells generated on day +7 in 2 DR matched MLRs were enriched to >98%
CD25High by using the Regulatory T cell Isolation Kit (which resulted in >50% FOXP3+ and
<2% CD127+ cells). These were then added to freshly prepared MLRs as third components.
Both specific (2 DR matched) and nonspecific (2 DR mismatched) inhibition occurred at the
higher cell numbers of the added Tregs (Figure 4). However, inhibition of the non-specific
MLR was lost at ∼10 fold higher “regulator” : responder ratios compared to that of the specific
(original) 2 DR matched MLRs (p<0.001). This latter specific inhibition occurred in ratios as
low as 1 Treg : 100 responder cells. By contrast, when fresh (uncultured) responder cells were
added as third components to either the original 2 DR matched or mismatched MLRs, there
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was no effect on the SI (not shown). Of note, the inhibition in SI seen in these 3 component
MLRs was not due to rapid killing of the stimulator cell population by 3rd component effector/
cytotoxic cells rather than Treg effects. This was determined by demonstrating a similar decline
in CFSE labeled x-irradiated stimulating cells with or without the addition of putative Tregs
(data not shown). Moreover, the number of dead cells seen in each of the combinations was
no different by forward or side scatter (not shown). Also, if the third component cells came
from HLA identical or autologous MLRs, this non-specific inhibition could only be detected
in 2 DR matched or mismatched MLRs when added in high concentrations, i.e., no less than
one-half that of the responding and stimulating cells (not shown).

In two additional experiments in normal volunteers similarly isolated
CD4+CD127-CD25High cells were tested that were directly obtained from fresh PBMC rather
than generated in MLR. Indeed a similar inhibitory (non-specific) effect occurred but with >10
fold higher numbers of these third component Tregs (not shown).

“Infectious” MLR Treg Recruitment Using MLR Generated Third Component Tregs
When the 2 DR matched MLR-generated non-CFSE labeled putative Tregs (CD4+CD25High

FOXP3+ CD127-) were added as third components to fresh responder/stimulator MLRs, there
was an accelerated and amplified peak (at day 5) in the generation of new (CFSE labeled)
proliferating CD4+CD25High FOXP3+ cells (Table 2A). This was in contrast to control MLRs
in which an equal number of fresh (uncultured) autologous responder cells were added. This
‘recruitment’ effect did not appear to differ between reactions against specific (2 DR matched)
or non-specific (2 DR mismatched) stimulating cells, at least in the dilutions used.

Inhibition/Recruitment as a Monitoring Tool Using Pre- and Post-Transplant PBMC as Third
Components in the Treg MLR

Finally we asked whether CFSE labeled Treg generation in MLR might also be augmented by
the addition of third component PBMC from transplant recipients to functionally assess
allospecific Treg generation after transplantation, i.e., putatively similar to testing in vitro
[MLR] generated Tregs as depicted in the Flow Diagram Step#1 and Figure 4 and Table 2A.
The example chosen as a first test of this assay involved patients receiving HLA identical donor
renal transplants, alemtuzimab induction and donor hematopoetic stem cell infusions in an NIH
funded tolerance protocol. By protocol, immunosuppression is to be gradually withdrawn
between 1-2 years postoperatively. Sequential PBMC immunophenotyping by flow cytometry
showed a 3 fold increase of CD4+CD25high FOXP3+ PBMC from preoperative values (not
shown). Preoperative recipient and donor PBMC aliquots had been obtained in large quantities
by leukopheresis and cryopreserved. Recipient post-operative PBMC as third component cells
were also cryopreserved to be equivalent to the cryopreserved third component [control]
recipient preoperative PBMC. At one year, these post-operative recipient PBMC were added
as third components to the Treg MLR (pre-operative recipient PBMC + pre-operative donor
x-irradiated PBMC). This caused a markedly accelerated and amplified expression
(recruitment) of new CD4+CD25highFOXP3+ cells in CFSE labeled recipient responders
(Table 2B) as well as a reduced SI of 0.8. This was in contrast to the baseline effect seen when
the pre-operative cryopreserved recipient third component PBMC were added, i.e. no
amplification of Tregs (Table 2B) and a higher baseline SI of 3.1. Treg generation (recruitment)
also only minimally occurred if the CFSE labeled recipient cells were tested as responding to
a (non-specific) 2 DR mismatched stimulating cell population (R+Ix, Table 2B). In addition,
there was no effect on the SI when these cells were added to responding recipient cells
cocultured with 2 DR mismatched stimulating cells, in that the SI with pre-transplant PBMC
was 6.8 compared to 6.5 when post-transplant PBMC were added. This assay is representative
of 3 such recipients who reached the 1 year post-transplant interval in this protocol.
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Discussion
Naturally occurring CD4+CD25High Tregs are a small but important subset of CD4+

lymphocytes that help maintain self-tolerance (8). Across species they appear active in
regulating by cell-cell contact, alteration of antigen presentation, production of a regulatory
cytokine profile, and even recruiting the generation of more Tregs (“infectious” tolerance)
(9). In mice this has been thought to be dependent on the intracellular expression of forkhead/
winged helix transcription factor (FOXP3) (1,4). Controversy exists, however, regarding the
role of FOXP3+ expression in humans, also found in CD25- cells and CD8+ T cells (10,11)
and during activation in vitro (3). Moreover, organ transplant recipients have demonstrated
FOXP3+ cells in high percentages in the peripheral blood, urine and allograft in rejection as
well as in operational tolerance (12-17). Therefore, the diagnostic utility of Treg and FOXP3
detection in humans requires understanding these mechanisms more definitively. The defined
conditions described in the Treg MLR experiments in this report appear to clarify a few of
them. As such, HLA Class II compatibility, indirect vs. direct antigen presentation, specific
vs. non-specific inhibition/recruitment are important aspects of the assay not previously as
clearly defined in humans (18,19).

We thus first compared the effect of DR matching and direct vs. indirect antigen presentation
on MLR Treg generation. HLA DR matching of stimulator/responder cell populations was
associated with lower proliferation but significantly increased percentages of
CD4+CD25High FOXP3+ CD127- Tregs, compared to 2 DR mismatched MLRs (Table 1A),
perhaps somewhat similar to previous reports (20). When non-T cells (APCs) were removed
from the responder cell population i.e. limiting the response to direct presentation by the
stimulating cells but augmenting the proportion of responding T cells, more
lymphoproliferation but significantly lower percentages of putative Tregs were generated
(Table 1B). This suggests the importance of indirect presentation in alloregulation. This has
also in part been previously reported (21,22), but not in the elementary context of these defined
MLR assays, all of which support the notion that self-recognition may be essential in Treg
generation.

Also appearing to facilitate Treg generation in MLR was the presence of CD25+ cells in the
responding cell population at culture initiation, rather than being newly induced from CD25-

cells (Table 1C). This may not be as reflective of what occurs in vivo since Tregs are also
thought to be peripherally inducible from CD25- cells (23-25).

As expected, in both HLA identical and autologous MLRs, lymphoproliferation was low.
However, even in these assays a small but noteworthy percentage of the proliferating cells
became FOXP3+. These low intensity FOXP3+ staining cells caused only a mild non-specific
regulatory effect when added in high numbers as third components to fresh allogeneic MLRs.
As yet, no attempt has been made to amplify Treg generation by using purified stimulating
HLA identical immunoselected CD3- APCs in which self-MHC recognition might be amplified
(26).

We then sought to determine their functional regulatory effects by adding MLR generated
Tregs as third components to the same freshly prepared HLA 2 DR matched MLR in which
they were generated (specific inhibition) vs. to 2 DR mismatched cultures (non-specific
inhibition). It might have been argued that FOXP3 generation may simply have occurred with
immune activation (3). However, specificity in inhibition occurred. This not only indicated
that this immunophenotype generated in MLR was enhanced by MHC Class II matching, but
was functionally MLR inhibitory. This was notably at much lower concentrations i.e. as low
as 512 cells inhibited by 40% the SI produced by 1×105 responding cells (Figure 4) than with
non-specific 2DR mismatched stimulators. It cannot be absolutely concluded, however, that
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the MLR inhibition was not caused by an unidentified sub-population in the added third
components, or by non-proliferating cells generating FOXP3. We consider such an inference
less likely because of the marked amplification of inhibition not previously reported in MLR
generated non-selected cell populations. This supports the notion that Tregs have greater
suppressive capacity when functioning in an antigen-specific manner (27), perhaps related to
amplified (specific) TCR priming of these third component modulators and/or recruitment of
more antigen-specific Tregs (i.e. “infectious tolerance”), as next described.

Similar to previous observations (28,29), MLR engendered CD4+CD25High FOXP3+ cells
were able to induce and amplify newly developed CFSE labeled CD4+CD25High FOXP3+ cells
in freshly prepared MLRs (Table 2A), while causing the SI inhibition (Figure 4). Thus, a
discrete phenotypic and functional measurement of “recruitment” could be demonstrated with
this assay. This recruitment/inhibition function was first demonstrated with totally in vitro
MLR generated Tregs. However, to develop a functional monitoring assay for transplant
recipients, we tested this recruitment/inhibition (donor specific vs. non-specific) in Tregs
isolated from an HLA identical transplant recipient one year postoperatively. In this
investigational protocol, Treg generation was to be expected as a result of infusion of donor
hematopoetic stem cell infusions after alemtuzimab induction. Compared to preoperative
immunophenotyping, there were 3-fold higher CD4+CD25highFOXP3+ cells in the PBMC at
1 year post-transplant. Addition of these post-transplant cells specifically inhibited the pre-
operative recipient vs donor proliferation and generated (recruited) new Tregs, compared to
when these cells were added to non-specific MLRs or when pre-transplant recipient cells were
added. This finding is representative of 3 such recipients who have reached the 1 year interval
post-operatively. To examine similar regulatory effects in other protocols requires using pre-
operative cryopreserved donor/recipient MLR assays in which sequential post-operative
recipient PBMC can be assessed. We would emphasize the importance of such studies in the
future. It should be noted that HLA identical donor/recipient pairs have historically been
difficult to monitor functionally in vitro, particularly in testing for Treg effects, because of
their low baseline reactivity. What has not been demonstrated is if this process was brought
about by cell to cell contact or specific cytokines (in the supernatants) or both. These
experiments are currently in progress.

Such a unique platform in which Tregs are actually generated in MLR and are functionally
donor-specific could potentially assess the “tolerogenic” influence of immunomodulation (i.e.
stem cell infusion, immunosuppressive induction/maintenance agents) and the cellular and
humoral events occurring before and after organ transplantation. Ultimately, our goal would
be to utilize the Treg MLR to provide donor specific, functional immunological monitoring
during clinical events, i.e. rejection vs. infection, and to predict the ability to minimize and/or
withdraw immunosuppressive therapy in tolerance protocols.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations
3H-TdR Tritiated Thymidine

APC Antigen presenting cells

CFSE Carboxyfluorescein succinimidyl ester

CPM Counts per minute

FOXP3 Forkhead/winged helix transcription factor P3

HLA Human leukocyte antigen

MHC Major Histocompatibility Complex

MLR Mixed lymphocyte reaction

PBMC Peripheral blood mononuclear cells

SI Stimulation Index

TREG T-regulatory cells

TCR T cell receptor
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Figure 1. Scheme of flow analysis of a representative experiment (day 7 shown here)
(A) Viable cells were gated again on CD4+ cells that were either non-proliferating (CFSE high
cells labeled as Non-Prolif.) or proliferating (CFSE low cells labeled as Prolif.). Cells were
analyzed by dot blots and histograms. CFSE negative stimulator cells were gated out. The
percentages inside the boxes of the middle column represent gated fractions of cells in each
culture. (B) The gated CD4 responder cells from DR-identical vs. 2 DR mismatched MLR
cultures were further analyzed for their CD127, CD25 and FOXP3 expressions. Note the lower
CD127 values in the 2 DR matched pairs expressing either CD25 or FOXP3 (right upper
quadrant).
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Figure 2. Assessment of Tregs in MLR (representative experiment of 8 performed)
(A) FOXP3 and (B) CD25 expression in CFSE labeled proliferating and non-proliferating
CD4+ responder cells (see Figure 1A) on indicated days in culture. The numbers below the
dot-plots indicate the absolute cell numbers that were proliferating (left of the vertical bar) and
non-proliferating (right of the vertical bar) when 1×106 total responding PBMC were placed
in culture on day 0. The percentages indicate the distribution within the four quadrants. The
dashed lines in A and percentages within the boxes are arbitrary to aid in visualizing the high
intensity FOXP3+ cells. All other dot plots are compared to day one in culture when CFSE
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labeling did not show any proliferation (far left box with arrows directed to the other panels).
On top of the dot-plots are the SIs obtained when calculated in parallel using the baseline
triplicate CPM ± SD of the autologous cultures. The 2 DR mismatched responses had higher
SI and overall numbers of CFSE labeled proliferating cells (left upper and lower quadrants of
each dot blot), but there were either consistently lower percentages or positive : negative ratios
of FOXP3+ and CD25+ cells than with the DR-identical responses.
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Figure 3. CD4+CD25+FOXP3+ cell generation in HLA-Identical vs. autologous MLRs
(representative of 4 similar experiments-donor vs. recipient and recipient vs. donor)
1×106 CFSE labeled responding PBMC from the pre-renal transplant recipient were cultured
with 1×106 autologous or HLA-identical donor irradiated stimulator cells. On indicated days
the expression of FOXP3+ (left boxes) or CD25+ (right boxes) was measured in the responder
CD4+ cells by flow cytometric analysis using the scheme shown in Fig. 2A. Note the overall
low number of proliferating cells (left of the vertical bars) but the higher FOXP3 positive to
negative ratios generated compared with the 2 DR matched or mismatched pairs (Figure 2).
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Figure 4. Assessment of inhibitory functions of putative Tregs in MLR
Bulk cultures of 4 pairs of responder cells stimulated with DR-matched x-irradiated stimulator
cells were prepared as described in the Methods section. The insert shows that the purified
CD127- CD25+ cells were predominantly FOXP3+. These were added to 1×105 autologous
fresh responding and x-irradiated stimulator PBMC, the latter from the original 2 DR matched
(specific) or a 2 DR-mismatched (non-specific) volunteer donor. Control cultures were
prepared as described in the Methods section with fresh autologous total PBMC from the
responder (rather than the Tregs). After another seven days, 3H-TdR assays demonstrated
significant differences between the specific vs. non-specific inhibition (p<0.001) in that
inhibition disappeared at lower modulator numbers in the non-specific combinations. There
was equivalent (lack of) inhibition using either unirradiated (n=2) or x-irradiated (n=2) fresh
PBMC as the third component controls.
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Table 1

Peak Proliferation (SI) and Generation of the Percentage of CD4+CD25HighFOXP3+ Cells in MLR.
SI d % CD4+CD25High FOXP3+e

A. Effect of DR Matching (n=8)a 2 DR
Matched

2 DR
Mismatched

2 DR
Matched

2 DR
Mismatched

 Mean ± SD f 21.4 ±24.8 41.0 ±36.1 14.5% ± 7.2% 4.8% ± 3.9%
B. Effect of APC Depletion from Responding Cells (n=8)b PBMC CD3+ PBMC CD3+

 Mean ± SD f 17.1 ±14.9 52.0 ±64.2 12.2% ± 7.5% 4.6% ± 4.6%
C. Effect of 25+ Depletion from Responding Cells (n=6) c PBMC CD25- PBMC CD25-

 Mean ± SD f 32.7 ±21.7 98.4 ±85.7 9.5% ± 7.1% 2.4% ± 2.1%
a
Responder PBMC were stimulated with 2 DR matched and 2 DR mismatched irradiated PBMC.

b
The responses of PBMC were compared against the responses of purified CD3+ cells when stimulated with allogeneic irradiated PBMC.

c
The responses of PBMC were compared against the responses of CD25- cells when stimulated with allogeneic irradiated PBMC.

d
SI = Stimulation Index depicted as the peak in the 5, 7 or 9 day kinetics in each MLR

e
The % of CD4+CD25HighFOXP3+ cells gated on the proliferating population (please see Fig. 1A) is depicted as the peak of the kinetics seen in each

MLR (usually 7 days)

f
All comparisons p<0.01 (sign test)
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Table 2

“Infectious” Recruitment of CD4+CD25HighFOXP3+ Cells
% Proliferating (CFSE labeled) CD4+CD25HighFOXP3+ Cells (from A or R)c

Cell Combinations Days in Culture
A. By MLR Generated Putative Tregs a Day 3 Day 5 Day 7
A + Bx + (1×105 A cells-control) 2.4% 6.8% 14.5%
A + Bx + (1×105 A+Bx Tregs) 7.5% 14.5% 8.2%
A + Ix + (1×105A+Bx Tregs) 7.2% 20.9% 10.9%
B. By Post-operative PBMC from Renal Recipientb Day 5 Day 7 Day 9
R + Dx + 5×104 R PBMC Pre-op 1.3% 0.8% (SI=3.1) 0.5%
R + Dx + 5×104 R PBMC Post-op 7.7% 7.9% (SI=0.8) 0.2%
R + Ix + 5×104 R PBMC Pre-op 3.4% 4.8% (SI=6.8) 0.1%
R + Ix + 5×104 R PBMC Post-op 5.3% 5.8% (SI=6.5) 0.1%
a
A = CFSE labeled responder (5×105); Bx = x-irradiated stimulator (2 DR matched to responder A; 5×105); Ix: X-irradiated stimulator (2 DR mismatched

to responder A; 5×105); A+Bx Tregs = Purified CD25High cells generated in a 7-day A+Bx MLR (1×105).

b
R = HLA-Identical renal recipient pre-transplant PBMC-cryopreserved (5×105); Dx = HLA identical donor x-irradiated PBMC – cryopreserved

(5×105); Ix = fresh x-irradiated PBMC from 2 DR mismatched volunteer; R preop = Recipient PBMC cryopreserved preoperatively and used here as

third component; R postop = Recipient PBMC obtained & cryopreserved 1 year postoperatively and used here as third component (5×104).

c
The cells were gated on the proliferating population (Please see Fig. 1A and the Methods Section – Research Design and Figure 4)
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