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Abstract
To investigate the role of donor-specific indirect pathway T cells in renal transplant tolerance, we
analyzed responses in peripheral blood of 45 patients using the trans-vivo delayed-type
hypersensitivity assay. Subjects were enrolled into five groups—identical twin, clinically tolerant
(TOL), steroid monotherapy (MONO), standard immunosuppression (SI) and chronic rejection
(CR)—based on transplant type, posttransplant immunosuppression and graft function. The
indirect pathway was active in all groups except twins but distinct intergroup differences were
evident, corresponding to clinical status. The antidonor indirect pathway T effector response
increased across patient groups (TOL < MONO < SI < CR; p < 0.0001) whereas antidonor indirect
pathway T regulatory response decreased (TOL > MONO = SI > CR; p < 0.005). This pattern
differed from that seen in circulating naïve B-cell numbers and in a cross-platform biomarker
analysis, where patients on monotherapy were not ranked closest to TOL patients, but rather were
indistinguishable from chronically rejecting patients. Cross-sectional analysis of the indirect
pathway revealed a spectrum in T-regulatory:T-effector balance, ranging from TOL patients
having predominantly regulatory responses to CR patients having predominantly effector
responses. Therefore, the indirect pathway measurements reflect a distinct aspect of tolerance from
the recently reported elevation of circulating naïve B cells, which was apparent only in recipients
off immunosuppression.
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Introduction
We have previously reported TGFβ- or IL10-producing regulatory indirect pathway T-cell
responses in patients with long-term excellent graft function after kidney or liver
transplantation and withdrawal of all immunosuppression (1). However, the Th3/TGFβ-
dependent form of tolerance to a kidney transplant in monkeys and humans was found to be
“metastable” (2–4) and eventually some grafts underwent acute cellular, antibody-mediated
or chronic rejection (CR). It is now well established that Th17 responses are induced when
cells are exposed to TGFβ in the presence of IL6, so metastable tolerance to allografts based
on Th3/TGFβ cells may be prone to develop into Th17-driven CR, a phenomenon most
clearly demonstrated in clinical lung transplants (5). A more stable form of tolerance may
therefore involve both Th3/TGFβ- and Tr1/IL10-T regulatory (Treg)-cell responses (6).

How tolerance at the T- and B-cell levels are interconnected is not yet clear. Much interest
in the possible role of B regulatory cells (Bregs; Ref. 7) has been generated by the recent
discovery that renal transplant tolerance in rodents (8,9) and humans (10–12) is
characterized by an increase in both intragraft and systemic B cells. Whether this increase is
a driving force for tolerance induction or whether it simply helps to stabilize tolerance in the
absence of immunosuppression has not been established.

We hypothesized that the regulatory indirect pathway T-cell response to donor alloantigens
in kidney transplant recipients is a progressive indicator of tolerance, that is, one which
becomes more pronounced in a patient population that receives less immunosuppression
while maintaining excellent graft function. We studied patients in categories ranging from
most tolerant (identical twin “isograft”) to least tolerant (chronic allograft rejection) and
including three “in between” groups: patients with well-functioning renal allografts who
were taking standard, minimal or zero (functionally tolerant) immunosuppressive
medications. We compared the results of indirect pathway monitoring with the analysis of
circulating B cells and B–cell-biased “probability of being tolerant” (POT) scores (10,11).

Materials and Methods
Source of cells and reagents

Renal transplant recipients and living donors from three transplant centers (Emory
University, Atlanta, GA, USA; University of Wisconsin–Madison, WI, USA and Swedish
Medical Center, Seattle, WA, USA) were enrolled in the ITN507ST observational trial,
“Identification and Mechanistic Investigations of Tolerant Kidney Transplant Patients”
(Clinicaltrials.gov identifier NCT01338779) using institutional review board-approved
informed written consent procedures at each institution. Patients were assigned to groups
based on clinical status as previously described (10). Patients enrolled in four of the groups
—identical twin (TWIN—transplant from an identical twin donor), clinically tolerant (TOL
—no immunosuppression medication for >1 year), steroid monotherapy (MONO, ≤10 mg/
day of prednisone) and standard immunosuppression (SI—including any combination of
standard post-transplant immunosuppression) all had stable and normal renal function
(within 25% of baseline) at the time of enrollment. All patients in the CR group had
moderately impaired or gradually deteriorating renal function (GFR < 40 mL/min or
creatinine >50% above baseline value), had a previous biopsy showing chronic allograft
nephropathy (BANFF 1997 criteria) and continued to receive immunosuppressive
medications, but were not on dialysis. Peripheral blood samples were collected in citrate and
processed using Ficoll-Hypaque to isolate peripheral blood mononuclear cells (PBMC).
PBMC were either used immediately or cryopreserved before analysis.
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Antigens used to test for indirect pathway responses included: donor PBMC or spleen cell
sonicates, as described elsewhere (1); HLA-A1, HLA-B62 and HLA-B57 single antigen
Luminex beads (One Lambda, Inc., Canoga Park, CA, USA), a kind gift of Dr. Junchao Cai,
Paul Terasaki Foundation, Los Angeles, CA, USA and HLA-B allopeptides p37MA
(DSDAASPRMAPRAPWIEQ) and p37TE (DSDAASPRTEPRAPWIEQ), described
elsewhere (4).

Antibodies co-injected with PBMC: rabbit anti-human TGF-β, goat anti-human IL-10 or
control normal rabbit IgG or goat IgG (all R&D Systems, Minneapolis, MN, USA, all at 25
μg/injection), anti-human IFNγ (eBioscience, San Diego, CA, USA, 5 μg/injection) or anti-
human IL17 (R&D Systems, 5 μg/injection).

Indirect pathway analysis
Human PBMC (7–9 × 106 cells) were mixed with either donor or recall (tetanus/diphtheria
toxoid [TT/DT] or Eptstein-Barr virus [EBV]) antigen or with a combination of donor plus
recall antigen and injected into CB.17 SCID mouse footpads (1,13). Footpad thickness was
measured using a spring-loaded caliper at time 0 and 24 h. Net swelling is determined by
subtracting the background swelling from an injection of the same cells in phosphate-
buffered saline (PBS). This trans-vivo delayed-type hypersensitivity (tvDTH) reaction is
associated with edema, human cell retention and mouse neutrophil recruitment in the mouse
footpad that is initiated by human T cells in response to processed antigens (14). Inhibition
of recall responses in the presence of donor antigens was determined by comparing the net
footpad swelling with each injection using the formula

and is a measure of indirect pathway donor antigen-specific regulatory activity (1).

B-cell depletion
B-cell depletion was performed using anti-CD19 immuno-magnetic beads (Miltenyi Biotec,
Auburn, CA, USA) and the autoMACS system. Subsequent flow cytometry for CD19+ cells
verified removal of 99% of the B cells from the PBMC. In the “add-back” experiments, B
cells were combined with the B-cell-depleted sample at the same ratio of B to non-B cells as
was determined by flow cytometry of the whole PBMC.

Statistical analysis
Kruskal–Wallis test, a nonparametric equivalent to the one-way analysis of variance, was
used to compare results across all groups; the Dunn’s correction was used for pair-wise
comparisons. For some analyses, an unadjusted Mann–Whitney U test was used for
individual pair-wise comparisons. Paired t-tests were used to compare within subject
responses. The p-value less than 0.05 was considered statistically significant. Statistical
analysis was performed with Prism GraphPad software.

Results
The spectrum of responses to soluble donor alloantigens correlates with graft status

PBMC from half of the subjects (n = 45, selected because of cell availability) enrolled in the
ITN507ST trial were tested for donor-specific indirect T effector (Teff) and Treg responses
using the tvDTH assay and donor (or donor HLA-matched surrogate) cell-free lysates. As
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shown in Figure 1A, indirect Teff responses to donor antigens reveals a distinct spectrum
across the enrollment groups (p < 0.001); footpad swelling increased as the patients’ clinical
status moves from those that are tolerant to those that are chronically rejecting. Identical
twins did not respond to donor antigen whereas patients in the TOL group had a median net
swelling response of 5 × 10−4 inches (mean of 4.5 ± 4.2). The MONO group had a higher
median response of 10 × 10−4 inches (mean of 9.3 ± 3.4), as did the SI group (mean of 10.3
± 7.6). Finally, responses of patients in the CR group were 30 × 10−4 inches (mean of 28.7 ±
10.3), which was significantly higher than all the others. Analysis using a single pair-wise
comparison of TOL to either MONO (p = 0.04) or SI (p = 0.03) groups revealed
significantly lower Teff response in TOL patients.

Antibodies to IFNγ and IL17 significantly blocked the indirect pathway Teff-cell responses
to donor antigens in the CR patients tested (p < 0.01, compared to IgG control, Figure 1B,
right panel). In contrast, an indirect pathway Teff response was revealed (net footpad
swelling of 20–30 × 104 inches) in four of five TOL patients when TGFβ-mediated
suppression was blocked by co-injection of anti-TGFβ antibody with PBMC and donor
antigen (Figure 1B, left panel). In contrast, IL10 did not appear to contribute to the
antidonor Treg-cell response as neutralizing IL10 did not affect the footpad swelling to
donor antigen. Neither anti-TGFβ nor anti-IL10 increased the footpad swelling when co-
injected with PBMC from CR patients and donor antigen (data not shown).

An antidonor indirect pathway Treg response can also be measured by the linked-
suppression assay. When donor antigen and a recall antigen are co-injected with the PBMC
into the mouse footpad, inhibition of the recall response in the presence of the donor antigen
indicates the action of allospecific CD4 or CD8 Treg cells (4,6,15), but unlike the
uncovering of an antidonor Teff response shown in Figure 1B, it does not require the
presence of a donor specific Teff cell. Figure 1C shows that the pattern of indirect pathway
T-cell regulation to donor alloantigen mirrors the pattern of antidonor Teff response across
the patient groups; higher percentage inhibition of recall responses defines increased
regulation. As expected, neither TWIN had evidence of linked-suppression to their donor as
there were no alloantigens to stimulate Treg cells. In contrast, the TOL group, with one
exception, all inhibited at least 30% of the recall antigen response in the presence of donor
antigen with a median inhibition of 60% (mean of 49 ± 19). The MONO group had a lower
median inhibition of 40% but displayed a similar clustering with a single outlier who did not
regulate (mean of 38 ± 20). The SI group had the same median inhibition as the MONO
group; however, similar to the Teff responses (Figure 1C, panel A), the range of indirect
pathway regulation in the SI patients was large (mean of 41 ± 26). The CR group was
significantly lower in its regulation scores (mean of 3.3 ± 8) compared to TOL and MONO
groups. Overall, the data in Figure 1 are consistent with a spectrum of increasing cell-
mediated immune response to donor soluble antigens and a decrease in regulatory response
over the range of most (TOL) through intermediate (MONO and SI) to least tolerant (CR)
patients.

Analysis of naive B-cell counts and POT index
We verified that the 45 subjects in this study were representative of the entire 91 subjects in
the ITN507ST, specifically in regards to the characteristics we and others have previously
found to describe tolerant renal transplant recipients (10–12). As shown in Figure 2A,
circulating naïve B-cell numbers were significantly different among patient groups (p =
0.005) with patients in the TOL group having significantly more compared to those in the SI
group when single pair-wise Mann–Whitney U test was performed. In this way, our TOL
and SI subgroups are representative of those same groups in the complete ITN507ST (10).
The TOL patients also had significantly higher median naïve B-cell counts than those in the
MONO and CR groups. Interestingly, the MONO group median most closely resembled the
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CR group median and was significantly lower (not higher) than the SI median using the
unadjusted Mann–Whitney U test.

Three TOL patients scored at the low end of the range of donor-specific indirect pathway
Treg-driven linked-suppression (0%, 33% and 40% inhibition, Figure 1C). Circulating naïve
B cells (138, 2 and 34 cells/μL, respectively, Figure 2A) were also low for two of these
three individuals. Importantly, there was no correlation between the naïve B-cell numbers
and indirect pathway analysis for patients in any of the groups (data not shown).

The POT scores are based on 14 biomarkers identified from a multiparameter analysis of 11
tolerant renal transplant patients enrolled in the Indices of Tolerance trial in Europe and 60
subjects in comparison groups (11). Samples from patients in the ITN507ST study (n = 89;
TOL group = 25) were used as a test set and a tolerance signature threshold of >0.27 was
established (11). As shown in Figure 2B, POT scores were available for 9 of the 11 TOL
patients analyzed in Figure 1. Although the scores ranged widely, they were all >0.27. The
TOL group had significantly higher median POT scores than the MONO, SI and CR groups.
Two patients in the SI group but, remarkably, no patients in the MONO group had a POT
score above the threshold of 0.27. Thus the data in Figures 1 and 2 reflect distinct aspects of
the immunologic status of renal transplant recipients. TOL and MONO patients exhibit very
similar indirect pathway responses whereas the levels of circulating naïve B cells were very
different.

The tvDTH assay measures indirect pathway T-cell regulation in a B-cell-independent
manner

Because naïve B cells are elevated and linked-suppression is strongest in the TOL patients,
we next sought to determine if B cells played any role in linked-suppression of cell-
mediated immunity detected in the tvDTH assay. We depleted B cells from patients 002055
(SI group, 75% inhibition) and 002002 (TOL group, 67% inhibition) and then retested for
linked-suppression using donor antigen (data not shown) or allopeptide (HA1-H or p37MA)
in the presence of a recall antigen. As shown in Figure 3, neither patient’s inhibitory
response to allopeptide was affected by depletion (open triangles) or add-back of B cells
(gray circles). Notably, both of these patients had high numbers of circulating naïve B cells
in their PBMC (360 cells/μL for 002055 and 142 cells/μL for 002002).

Indirect pathway T-cell responses analyzed using HLA single-antigen beads
To exclude the possibility that the donor antigen lysates contained nonspecific factors
responsible for either inhibition or stimulation of tvDTH responses, we selected informative
patients and challenged their PBMC with single antigen HLA-coated beads or with HLA
allopeptide antigens rather than whole cell lysates. PBMC from TOL patient 002002 was
obtained 14 years after transplant from an HLA class II well-matched and HLA-A-matched
deceased donor. This subject had not taken any immuno-suppression for 12 years. We
previously reported that this patient had a DQ3-restricted CD4 T-cell response to a single
immuno-dominant allopeptide, p37MA, found in the heavy chain of donor-type HLA-B62;
this epitope is shared with HLA-B57 but not with other HLA-A or B proteins (4,16). As
shown in Figure 4A, we observed a dose-dependent inhibition of tvDTH response to recall
antigen challenge when PBMC were injected with B62 (open circles) or B57 beads (open
squares), resulting in a maximum inhibition of 60–63%. In contrast, over the same dose
range of beads coated with HLA-A1 (filled triangles), a shared antigen, we found little-to-no
inhibition of the footpad swelling response to recall antigen. When self HLA-B37 peptide
p37TE (filled circle) was compared with the allopeptide p37MA (filled diamond, co-
injection of 1000 ng with recall antigen), we saw similar strong (68%) inhibition of the
recall antigen response with the p37MA allopeptide but no effect was seen with the
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autologous p37TE peptide (Figure 4A, peptide). The equivalent dose-response to the B57-
and the B62-bead indicates that the p37MA peptide provides the critical component for
response, and not the intact antigen.

To compare the indirect pathway Teff response with B-cell responses in the same individual
to the identical donor HLA protein, subjects in the CR group were tested in tvDTH and
Luminex (per clinical follow-up) using HLA single antigen beads. Data from one such
patient (#002048) is shown in Figure 4B. Footpad swelling responses to donor HLA-A1
(squares), HLA-A2 (circles) and HLA-B57 (inverted triangle) were detected when HLA-
coated single antigen beads were injected with patient PBMC. Donor specific antibody
(DSA) analysis from the same patient (right panel) revealed a specific humoral response to
HLA-A2 (gray circle, mean fluorescent intensity [MFI] = 1168) but not to HLA-A1 (gray
square, MFI = 16, Luminex lower limit of detection) or HLA-B57 (gray inverted triangle,
MFI = 24) mismatched donor antigen. The hierarchy of indirect pathway cellular reactivity,
HLA-A2 ≫ HLA-A1 or HLA-B57, reflected in dose–response to single antigen beads
parallels the DSA response in serum detected using the same substrate, while indicating a
broader antigen sensitization at the cellular versus humoral immunity level.

Discussion
Given the critical importance of indirect pathway alloreactivity in tolerance (17,18) and in
both cellular and humoral (19) immunity to allografts, many groups including our own (20)
have sought to develop in vitro methods of monitoring human indirect pathway T cells as a
guide to tolerance induction and successful immunosuppressive drug withdrawal and the
early diagnosis of CR (21). However, weak lymphoproliferative and cytokine responses by
low frequency indirect pathway T cells have hampered the clinical application of indirect
pathway assays. Taking advantage of the unique characteristics of the tvDTH assay to detect
both indirect pathway regulation and effector function (15,22–24) and using the original
design of the ITN507ST cross-sectional trial, we found a pattern of indirect pathway T-cell
responses consistent with a spectrum of immune responsiveness in 45 renal transplant
recipients of various clinical status. At the extreme ends of the spectrum, identical twins
showed no indirect pathway T-cell responses at all, consistent with having received a kidney
isograft, whereas allosensitized, chronic rejectors demonstrated strong IFNγ and IL17-
dependent indirect pathway Teff and B-cell (DSA) responses to donor HLA, with no
evidence of indirect pathway Treg-cell-mediated bystander suppression. The TOL group
displayed the lowest indirect pathway Teff-cell response to donor and the highest regulatory
response. Although not all patients in the TOL group were analyzed, the regulatory response
appeared to be mainly Th3-type because TGFβ and not IL10 blocking antibodies revealed a
latent indirect pathway Teff DTH response. This finding is consistent with the TGFβ bias in
indirect pathway Treg responses to kidney transplants previously reported in mouse (25) and
monkey (3) tolerance models. Interestingly, the steroid MONO group had a slightly higher
baseline indirect pathway T-cell response to donor antigen and less donor-specific
regulation, but otherwise closely resembled the TOL group, particularly in the range and
distribution of individual responses. The SI group was also in between the TOL and CR
groups in both regulation and Teff antidonor tvDTH assays.

The existence of a progressive spectrum in the indirect pathway means that analysis of this
parameter may yield insights into potential candidates for partial withdrawal of
immunosuppression, as has been recently demonstrated (26). It is unclear why a similarly
progressive spectrum was not seen in circulating B-cell counts or in the B-cell-influenced
“POT” signature (Figure 2). It is possible that corticosteroid monotherapy is toxic to B cells.
It is also possible that naïve and transitional B cells are required to stabilize tolerance once it
is established but are less critical during the development of tolerance. This hypothesis
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predicts that B cells would accumulate only after some initial tolerance threshold has been
reached and the subject is free of immunosuppression. When we depleted B cells from
PBMC of two patients (one in TOL, one in SI) with high naïve B-cell counts, the strong
indirect pathway T-cell regulation was unaffected, evidence that the cellular immunity-based
indirect pathway function as detected by the tvDTH assay is not directly influenced by the
presence of B cells. It is theoretically possible that donor antigen-specific Breg cells acting
as an antigen presenting cells could be involved in suppression of the indirect pathway. This
would require intact donor HLA, not allopeptide. In fact, we could detect no difference in
dose–response of inhibition between intact donor HLA-B62-coated beads and third party
HLA-B57 (p37MA+)-coated beads (Figure 4A), arguing against this idea, at least in one
TOL patient. However, there was a suggestive piece of evidence of a connection between
the two parameters within the TOL group itself—namely, two of the three TOL patients
with the lowest regulation to donor antigen (Figure 1C) also had the lowest number of B
cells (Figure 2A). It is possible that the maintenance of tolerance in these two individuals is
independent of either of these two factors or that both patients are in a category of “unstable
tolerance”.

In addition to a significantly elevated CD20 mRNA signal observed in urine samples of
TOL versus SI patients in the ITN507ST trial (10), recent data demonstrates a rise in in-
tragraft B cells in spontaneous kidney allograft tolerance in mice (8) and in a rat model of
allograft tolerance induced using LF15–0195, a deoxyspergualine analog (8,9). Weak or
suppressed indirect pathway in TOL patients may result in failure of intragraft and lymph
node B cells to receive adequate T-follicular help for transition to plasma cells, preventing
isotype switch from IgM to IgG (8,9). Without such help, naïve and transitional B cells
accumulate in the graft and peripheral blood instead of emigrating to the bone marrow
where they could produce alloantibodies (8). An alternative hypothesis is that once all
immuno-suppression has been removed, the B cells that emerge are not simply “help-less”
or help-resistant (27) but are in fact “Bregs” that actively contribute to tolerance stability (7).
Although indirect pathway T-cell-mediated regulation of cell-mediated immunity may be
common to tolerance in different organ transplant contexts such as liver (1,28), kidney (1,3)
and heart (15,23), the role of Breg cells in allo-graft tolerance in mice (29,30) and in humans
(31) seems to be highly organ/tissue-dependent.

The use of single antigen HLA beads to probe the T-cell indirect pathway in transplant
recipients represents an important step toward standardization of indirect pathway T-cell
assays, because single antigen beads are now widely used in monitoring DSA by HLA labs
around the world. Studies are underway in our laboratory to probe indirect pathway T-cell
responses in second-generation indirect pathway T-cell in vitro assays using the single
antigen bead substrate, requiring no detailed knowledge of the allopeptides or host class II
restriction involved. The example of a CR group patient shown in Figure 4B suggests that a
strong cellular indirect pathway T-cell response to a particular donor HLA antigen (e.g.
HLA-A2) may give rise to sufficient T follicular helper cells to enable naïve B cells to
transition to IgG alloantibody producers. The weaker antidonor indirect pathway responses
to HLA-A1 and HLA-B57 in the same patient resulted in DTH reactivity that may have also
contributed to the CR, but were not sufficient to support helper activity needed for B-cell
activation.

A hypothetical model to account for the findings of this study is diagrammed in Figure 5. In
this view, as a patient progresses toward drug independence, one sees a higher incidence of
the regulatory response (Th3/TGFβ and Tr1/IL10) and better control of indirect pathway
Th17 and Th1 responses to donor alloantigen. Whether the increased incidence and
robustness of Treg-cell responses is cause or effect, this pattern probably means that at each
stage of reduction in immunosuppression, “regulator” patients persist and perhaps even
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strengthen their regulation level both in the graft and peripherally. Conversely, there is
attrition of nonregulators due to either recurrence of disease or breakthrough rejection,
leading to resumption of multidrug immunosuppression (26). At the extreme ends of the
spectrum, we hypothesize that B cells play a critical role in sustaining tolerance or CR. In
the condition of CR, Th1 and Th17 cells are less constrained by Tr1 and Th3 cells and
cellular immunity is joined by humoral immunity as very strong indirect pathway T-cell
responses trigger germinal center B cells to isotype-switch and develop into plasma cells
secreting C′-fixing DSA (left). In the state of complete immunosuppression withdrawal and
tolerance, there is not only a higher median level of indirect pathway T regulation measured
by linked-suppression mediated through the dendritic cell (center), but also additional
factors critical to maintaining this high level of indirect pathway regulation appear in a
tissue-appropriate manner (32). For kidney transplantation, this may mean increased
numbers of circulating B cells, possibly including Bregs, and accumulation of Breg cells in
the graft.
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Abbreviations

Breg B regulatory cell

CR chronic rejector group

DSA donor specific antibody

EBV Epstein Barr virus

MFI mean fluorescent intensity

MONO monotherapy group

PBS phosphate buffered saline

PBMC peripheral blood mononuclear cells

POT probability of being tolerant

SI standard immunosuppression group

Teff T effector cells

TOL clinically tolerant group

Treg T regulatory cells

TT/DT tetanus toxoid and diphtheria toxoid pediatric vaccine

tvDTH trans-vivo delayed-type hypersensitivity assay
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Figure 1. Indirect pathway T-cell analysis
(A) The tvDTH responses to donor antigen (Teff responses) are significantly different
between subject groups (p < 0.0001). PBMC from patients (n = 45) were co-injected into the
mouse footpad with cell-free donor antigen. Swelling was measured before and 24 h after
each injection. Net swelling was determined by subtracting the swelling response obtained
from the injection of the same PBMC in PBS. Patient groups: TWIN, identical twin donor (n
= 2); TOL, clinically tolerant, no immunosuppression for >1 year (n = 11); MONO,
prednisone monotherapy (n = 7); SI, standard immunosuppression (n = 18) and CR, chronic
rejection (n = 7). (B) Antibody blocking of indirect pathway T-cell responses. PBMC from
patients with CR (n = 5) were injected into the footpad with cell-free donor antigen and
blocking antibodies to IFNγ or IL-17 (right side), whereas PBMC from patients in the TOL
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group (n = 5) were injected with cell-free donor antigen and antibodies to block TGFβ or
IL-10 (left side). The net swelling response to donor antigen was significantly elevated in
the TOL patients when TGFβ was neutralized (p < 0.01) but not when IL10 was neutralized
whereas blocking of either IFNγ or IL17 significantly decreased the swelling response to
donor antigen in the CR patients tested (p < 0.01). Net swelling response for each subject
with donor antigen and a given test antibody were compared to that with PBMC + donor
antigen and isotype control Ab (−) using a paired t-test. (C) Indirect pathway Treg responses
are significantly different between subject groups (p = 0.005). PBMC from patients in the
same groups as described in (A) were injected with recall antigen (TT/DT or EBV) alone
and with recall plus cell-free donor antigen into the mouse footpad. Net swelling was
determined as in (A). The percentage inhibition of recall alone response in the presence of
donor antigen was calculated as described in the methods. All panels: Individual results
from each subject (individual symbols) and group median (horizontal line) with quartiles are
shown. Each patient was tested one or two times. Significant differences between groups
using pair-wise comparisons (Dunn’s correction for multiple comparisons shown in solid
lines); *p < 0.05, **p < 0.01 and ***p < 0.001; (Mann–Whitney U test unadjusted for
multiple comparisons shown with dotted lines) #p = 0.04, ##p = 0.03 and ###p = 0.008.
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Figure 2. Naive B-cell counts and cross-platform probabilitÿ of being tolerant scores
(A) Naïve B-cell number (CD19+CD27-IgM+IgD+) in fresh peripheral blood of the 45
patients analyzed in Figure 1. (B) Probability of being tolerant, estimated according to the
Indices of Tolerance model of 14 biomarkers, including B-cell parameters and direct
pathway T-cell parameters (11). Subjects in the TWIN group were not tested (n.t.). All
panels: Individual results from each subject (individual symbols) and group median
(horizontal line) with quartiles (panel B only) are shown. Significant differences between
groups using pair-wise comparisons, *p < 0.05 and **p < 0.01; Dunn’s correction for
multiple comparisons shown in solid lines, unadjusted Mann–Whitney U test comparisons
shown with dotted lines.
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Figure 3. B cells do not impact tvDTH suppression via indirect pathway
PBMC from two patients with high circulating naive B-cell counts, TOL patient 002002 and
SI patient 002055 were assayed directly (PBMC, filled squares), after being depleted of
CD19+ B cells (open triangles) or after depletion and add-back of B-cell fraction (gray
circles). Cell fractions were injected into the footpad with PBS (negative control, data not
shown) with recall antigen (TT/DT or EBV, left panel), recall antigen and self-peptide
(p37TE or HA-1R, middle panel) or recall antigen and donor peptide (p37MA, or HA-1H,
right panel). Swelling was measured before and 24 h after each injection. Net swelling was
determined by subtracting the swelling response obtained from the injection of the same cell
fractions in PBS.
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Figure 4. Donor-specific indirect pathway responses using HLA-single antigen beads
(A) PBMC of tolerant patient 002002 were mixed with varying amounts (0–10 μL) of donor
type HLA-B62 (open circle, p37MA+), third party HLA–B57 (open square, p37MA+) or self
HLA-A1 (filled triangle, p37MA−)-coated single antigen beads before addition of TT/DT
and injected into the mouse footpad. Net swelling was determined as in Figure 1A. The
maximum percentage inhibition of response with recall TT/DT (0 beads) versus the response
with 10 μL of single antigen beads was calculated as described in the methods and is 60%
with B57 beads and 63% with B62 beads. Peptides: PBMC were co-injected into the mouse
footpad with recall antigen TT/DT and 1000 ng of HLA-B62 allopeptide p37MA
(DSDAASPRMAPRAPWIEQ) or HLA-B37 self peptide p37TE
(DSDAASPRTEPRAPWIEQ). The percentage inhibition of recall antigen response with
donor peptide is 68%. Patient 002002 = HLA A1, 2; B37, 60; DR 4, 13; donor type: A1, 2;
B44, 62; DR 4, 13. (B) Indirect pathway tvDTH response to single antigen-beads detects
stronger sensitization to a DSA+ as compared with DSA− donor HLA antigens. PBMC from
CR patient 002048 were mixed with donor HLA-A2 (circles), HLA-A1 (squares) or HLA-
B57 (inverted triangle)-coated single antigen beads and injected into a CB17 SCID mouse
footpad. Net swelling was determined as in Figure 1A. Mean fluorescent intensity (MFI)
values for a contemporaneous serum sample of the same subject tested using HLA-A2 (gray
circle)-, HLA-A1 (gray square)- or HLA-B57 (gray inverted triangle)-coated single antigen
beads are shown on the right. Patient 002048 = HLA-A11, 25; B18, 51;DR 9, 15 Donor =
HLA-A1, 2; B7, 57; DR 11,15 (mismatch in bold).
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Figure 5. Proposed model of indirect pathway in renal transplant recipients
Red intensity indicates relative frequency of donor specific indirect pathway Teff cells,
which may be Th1 or Th17 type; blue intensity denotes relative frequency of indirect
pathway Treg cells, which may be Th3 or Tr1 type. Dendritic cells (DC) or germinal center
(GC) B cells present donor-derived peptides (pink lines), which arise from processed soluble
donor HLA (sHLA) or minor H antigens, to indirect pathway T cells. The black intensity
(bottom) represents the relative amount of the immunosuppressive medication of patients,
ranging from steroid monotherapy to standard immunosuppression (SI; middle), to chronic
rejection (left). Rescue therapy refers to emergency measures such as plasmapheresis and
high dose steroids applied in cases of unstable and decreasing graft function, along with
increased Teff cells and increased DSA-secreting B cells. Decreased immunosuppression is
associated with increased indirect pathway Treg cells and, once the patient is off of all
immunosuppression, increased numbers of naïve B, possibly Breg, cells.
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