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Abstract
Heterologous immunologic memory has been considered a potent barrier to tolerance induction in
primates. Induction of such tolerance for a previously transplanted organ may be more difficult,
because specific memory cells can be induced and activated by a transplanted organ. In the current
study, we attempted to induce tolerance to a previously transplanted kidney allograft in nonhuman
primates. The conditioning regimen consisted of low dose total body irradiation, thymic
irradiation, antithymocyte globulin, and anti- CD154 antibody followed by a brief course of a
calcineurin inhibitor. This regimen had been shown to induce mixed chimerism and allograft
tolerance when kidney transplantation (KTx) and donor bone marrow transplantation (DBMT)
were simultaneously performed. However, the same regimen failed to induce mixed chimerism
when delayed DBMT was performed after KTx. We found that significant levels of memory T
cells remained after conditioning, despite effective depletion of naïve T cells. By adding
humanized anti-CD8 monoclonal antibody (cM-T807), CD8 memory T cells were effectively
depleted and these recipients successfully achieved mixed chimerism and tolerance. The current
studies provide ‘proof of principle’ that the mixed chimerism approach can induce renal allograft
tolerance, even late after organ transplantation if memory T-cell function is adequately controlled.
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Introduction
For induction of allograft tolerance, numerous strategies have been developed in rodents.
However, only a few strategies have been successfully translated to nonhuman primate
models (1–5). Heterologous immunologic memory induced by exposure to environmental
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pathogens in primates, has been suggested as one explanation for this critical discrepancy
(6–10).

We have previously reported a nonmyeloablative conditioning regimen that can induce
mixed chimerism and renal allograft tolerance in nonhuman primates (1,11–13). However,
these regimens require treatment of subjects beginning 6 days prior to organ transplantation,
which limits their applicability to only living donor transplant recipients. In an effort to
extend the applicability of this approach, we evaluated a ‘delayed tolerance’ protocol, in
which kidney transplantation is performed first with conventional immunosuppressive
therapy, which was followed by conditioning and donor bone marrow transplantation at a
later time. To our knowledge, delayed induction of such allograft tolerance has never been
achieved in large animal or rodent models. If this approach is feasible, any stable recipient
of either living donor or deceased donor kidney transplantation (KTx) could be a potential
candidate, if either fresh (living donor) or cryopreserved (deceased donor) DBM cells are
available. However, induction of such tolerance for a previously transplanted organ may be
more difficult, because specific memory cells can be activated by a transplanted organ even
under immunosuppression. We show here that significant levels of memory T cells remained
after conditioning, in spite of effective deletion of naïve T cells. Addition of anti-CD8
monoclonal antibody, cM-T807, to suppress post-conditioning expansion of CD8+ memory
T cells is shown to improve chimerism induction and renal allograft survival.

Materials and Methods
Animals

Twenty-four male cynomolgus monkeys that weighed 3–5 kg were used (Charles River
Primates, Wilmington, MA). Recipient and donor pairs were selected for compatible ABO
blood types and mismatched cynomolgus leukocyte (CyLA)-MHC antigens. CyLA class I
antigenic disparity was determined by serologic typing with allele-specific anti-HLA class I
monoclonal antibodies (mAbs) that cross-react with cynomolgus alleles. CyLA class II
antigenic disparity was confirmed by a positive mixed lymphocyte response and polymerase
chain reaction (PCR) assay using primers specific to cynomolgus DR. All surgical
procedures and postoperative care of animals were performed in accordance with National
Institute of Health guidelines for the care and use of primates and were approved by the
Massachusetts General Hospital Subcommittee on Animal Research.

Conditioning regimens
The original regimen consisted of nonmyeloablative total body irradiation (TBI, 1.5 GyX2)
on days −6 and −5, thymic irradiation (TI, 7 Gy) on day −1, equine ATG (ATGAM,
Pharmacia and Upjohn, Kalamazoo, MI, 50 mg/kg/day on days −2,−1 and 0) and anti-
CD154 monoclonal antibody (anti-CD154, American Type Culture Collection catalog
number 5c8.33, 20 mg/kg on days 0 and +2). The recipients underwent simultaneous kidney
and bone marrow transplantation (SKBMT) on day 0 and treated with a 1-month course of
cyclosporine (CyA) (Novartis, Basel, Switzerland) (tapered from an initial dose of 15 mg/
kg/day) to maintain therapeutic serum levels (>300 ng/mL). CyA was discontinued on day
28 posttransplant, after which serum CyA levels typically became undetectable by day 60.

Group A: The recipients underwent kidney transplantation alone, which followed by CyA
administration, TBI (1.5 Gy on days 1 and 2, relative to the date of KTx), TI (7 Gy on day 5)
and ATGAM (days 4, 5 and 6). DBMT was performed on day 6 and anti-CD154 was
administered on days 6 and 8. CyA was discontinued at 1 month after DBMT.

In Groups B and C, recipients underwent KTx alone with a conventional triple drug
immunosuppressive regimen. The recipients then received a 6-day conditioning regimen and
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DBMT 4 months later. The triple immunosuppressive regimen consisted of tacrolimus
(Astellas Pharma Inc. Osaka, Japan, intramuscular injection, starting from 0.1 mg/kg to
maintain trough levels of 15 to 25 ng/mL), mycophenolate mofetil (Roche Inc., Nutley, NJ,
50 mg/kg/day for 2 weeks, followed by 3 days/week until DBMT) and prednisone (starting
from 10 mg/kg, which was tapered over a week to maintenance dose of 0.3 mg/kg/day).

Group B: The recipients received a 6-day conditioning regimen 4 months after KTx. The
conditioning regimen consisted of TBI 1.5 Gy on days −6 and −5 relative to the day of
DBMT, followed by ATGAM (days −2, −1 and 0), TI (day −1), DBMT (day 0), anti-CD154
(days 0 and +2). Tacrolimus was discontinued 1 month after DBMT.

Group C: A 1-month course of humanized anti-CD8 mAb administration (cM-T807
provided by Centocor Inc. Horsham, PA) was begun at 5 mg/kg on days −1, 0 and 2 and
continued at 1 mg/kg weekly for 1 month after DBMT in addition to the Group B regimen.

Except for M6601 (Group B) and M2402 (Group C), all recipients treated with anti-CD154
were pretreated with Ketorolac (1 mg/kg intravenous injections on days −1 and 0) to prevent
thrombosis, as previously described (14).

Renal transplantation
Monkeys underwent heterotopic KTx and bilateral nephrectomies under general anesthesia
as previously reported (15). Post-conditioning support with irradiated blood products
(washed red cells and/or platelets) from ABO-matched animals were administered as
required during the period of aplasia.

Bone marrow transplantation
Bone marrow was harvested from donor iliac bones by multiple percutaneous aspirations. If
the donor animal was sacrificed, bone marrow cells were also harvested from the vertebral
bones after the euthanasia. These cells (0.5 − 3.0 × 108 mononuclear cells/kg) were infused
intravenously.

Detection of chimerism
After standard water shock treatment, peripheral blood cells were first stained with donor-
specific mAbs chosen from a panel of mouse anti-human HLA class I mAbs that cross-react
with cynomolgus monkeys. Cells were incubated for 30 min at 4°C, and then washed twice.
Cell-bound mAb was detected with fluorescein isothiothianate (FITC)-conjugated rat anti-
mouse immunoglobulin IgG2a mAb (Pharmingen, San Diego, CA), which was incubated for
30 min at 4°C, followed by two washes and analysis on FACScan (Becton Dickinson,
Mountain View, CA). In all experiments, the percentage of cells that stained with each mAb
was determined from one color fluorescence histogram and compared with those obtained
from donor and pretreatment frozen recipient cells, which were used as positive and
negative controls. The percentage of cells considered positive was determined with a cutoff
chosen as the fluorescence level at the beginning of the positive peak for the positive control
stain and by subtracting the percentage of cells stained with an isotype control. By using
forward and 90° light scatter (FSC and SSC, respectively) dot plots, lymphocyte (FSC- and
SSC-low), granulocyte (SSC-high), and monocyte (FSC-high but SSC-low) populations
were gated, and chimerism was determined separately for each population. Nonviable cells
were excluded by propidium iodide staining.

Flow cytometric analysis
Cell surface antigens were analyzed by multicolor flow cytometry. Phenotypic markers for
memory and naïve T cells in cynomolgus monkeys were chosen based on the studies by
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Pitcher et al. (16), as well as studies in our laboratory (Nadazdin O and Benichou G. et al.,
manuscript submitted). PBMC were directly labeled with a combination of the following
monoclonal antibodies: CD3 PerCP (SP 34-2), CD4 PerCP (L-200), CD8 PerCP (RPA-T8),
CD8 APC (RPA-T8), CD16 (NKP15), CD20 PE (2H7), CD95 FITC (DX2), CD95 APC
(DX2) CD28 PE (CD28.2) and CD28 FITC (CD28.2) purchased from BD Pharmingen, (San
Jose, CA). In Group C, to avoid competitive binding with cM-T807, CD8 RPE (DK25,
DAKO, Glostrup, Denmark) was used to detect CD8+ cells. The fluorescence of the stained
samples was analyzed using FACS Calibur and FACS Scan flow cytometers and Cell Quest
Software (BD Immunocytometry Systems, San Jose, CA). Lymphocytes were gated on the
forward and side light scatter and 3000-5000 events were collected.

Pathology studies
Sequential renal biopsies were obtained at 2- to 4-month intervals in animals with stable
function and whenever a rise in serum creatinine occurred in any recipient. In Groups B and
C, recipients underwent a protocol biopsy 1 week prior to the DBMT conditioning. Tissue
was processed for routine microscopy and a portion frozen for immunoperoxidase staining.

Statistical analysis
We used as a summary for each animal the average value of the absolute cell counts or the
percentage of donor cells between days 0 and 28. A comparison of animals treated with the
original regimen (Groups A and B) and the modified regimen with cM-T807 (Group C) was
done using the Kruskal-Wallace test.

Results
Induction of chimerism and renal allograft survival

The original regimen consisted of low-dose TBI on days −6 and −5, TI on day −1, ATGAM,
anti-CD154 and a 1-month course of CyA. In SKBMT, the recipients underwent
simultaneous kidney and bone marrow transplantation on day 0 (Table 1). All eight
recipients of SKBMT consistently developed mixed chimerism (Table 1) and seven of eight
recipients survived long term (Figure 1), with four of them showing no evidence of either
acute or chronic rejection.

In Group A, four recipients initially underwent KTx alone, which was immediately followed
by initiation of the conditioning regimen and DBMT on day 6 (Table 1). All four recipients
in this group failed to develop mixed chimerism and rejected their kidney allografts soon
after DBMT (Figure 1). In Group B, kidney allograft recipients were initially treated with a
conventional immunosuppressive regimen and received conditioning and DBM 4 months
after KTx. In this group, two of three recipients failed to develop chimerism and rejected
their allografts soon after discontinuation of their immunosuppressive medication (Figure 1).
One recipient developed limited chimerism only in the myeloid lineage but developed
chronic rejection (Figures 2A,B) after discontinuation of immunosuppression. Thus, in
contrast to the results of SKBMT, in which the original regimen consistently induced mixed
chimerism and long-term allograft survival (Table 1), the same regimen failed to induce
multilineage chimerism and renal allograft tolerance, if DBMT was administered separately
after KTx. However, by adding anti-CD8 mAb (cM-T807) to the original regimen, three of
five recipients successfully developed multilineage chimerism (Table 1) with two of them
surviving longer than 500 days with no evidence of either acute or chronic rejection (Figures
2C,D). The other recipient who developed mixed chimerism was euthanized on day 67
without rejection due to a thromboembolic complication presumably caused by anti-CD154
mAb (14,17). The fourth recipient in Group C failed to develop mixed chimerism and
developed acute rejection requiring euthanasia on day 61. The last recipient in this group
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had suffered an acute rejection episode 1 week prior to DBMT while being treated with
conventional immunosuppression. Although this rejection episode was successfully reversed
with steroid pulse therapy and he underwent conditioning and DBMT on day 119, this
recipient failed to develop chimerism. Anti-donor alloantibody production and terminal
kidney allograft rejection occurred within 35 days after DBMT (Figure 1).

Lymphocyte subsets after conditioning
In Groups A and B, a significant number of both CD4+ or CD8+ T cells still remained in the
peripheral blood. By adding humanized anti-CD8 monoclonal antibody (cM-T807) to the
original regimen (Group C), total circulating CD8+ T-cell counts were significantly
suppressed for 3 weeks (p < 0.05). There was no significant difference in CD4+CD3+,
CD3–CD16+ (NK cells) or CD3–CD20+ (B cells) among Groups A–C (Figure 3).

Naïve and memory T-cell subsets after conditioning
Further analyses of naïve and memory T-cell subsets were performed in Group B and Group
C recipients. In both groups, significant numbers of CD4+ central memory T cells
(CD4+CD95+CD28+,CD4 TCM) remained after conditioning (Figure 4C), in spite of
effective depletion of naïve CD4 and CD8 T cells (CD95−) (Figures 4A,D). In Group B,
although effective depletion of CD8 effector memory T cells (CD8 +CD95+CD28−, TEM)
was initially observed until day 5, rapid expansion of CD8 TEM ensued thereafter. In
contrast, post-conditioning expansion of CD8 TEM was effectively inhibited by adding cM-
T807 and CD8 TEM remained suppressed more than a month in Group C (Figure 4E). CD8
TCM were also more suppressed in Group C than those in Group B (Figure 2F). In summary,
effective depletion of CD8 memory T cells was associated with improved induction of
mixed chimerism and renal allograft survival in the ‘delayed tolerance’ protocol.

Discussion
In order to extend the clinical applicability of our tolerance-inducing non-myeloablative
regimen to recipients of deceased donor transplants, we initially evaluated conditioning
regimens in which treatment was begun within 24-h of KTx. However, simple compression
of the previously effective 6-day therapeutic protocol into a 24-h period not only failed to
induce chimerism but also led to unacceptable toxicity (data not shown). Therefore, in the
current study, we evaluated a post-kidney transplant (delayed tolerance) protocol, in which
recipients initially underwent KTx alone with conventional immunosuppression, followed
by a 6-day preparative conditioning and DBMT at a later time. This approach would
potentially extend the applicability of our regimen to any current recipient of previously
transplanted allografts from either living or deceased donors, if DBM is available.

However, in the current study, we found that using the ‘delayed tolerance’ protocol is more
difficult to induce mixed chimerism and allograft tolerance than in SKBMT. This could be
explained by specific activation of memory T cells by the initially transplanted organ, even
without clinical evidence of rejection. Extensive FACS analyses of T-cell subsets in our
recipients revealed that a substantial number of memory T cells remained after the
conditioning regimen, in spite of effective depletion of naïve T cells. To further analyze
subsets of these residual memory T cells, we used CD95 and CD28 to define memory T
cells, based on the studies by Pitcher et al. in rhesus monkeys (16), as well as studies on
cynomolgus monkeys performed in our laboratory (Nadazdin and Benichou et al.,
manuscript submitted). These analyses revealed that CD4 TCM were resistant to the
conditioning regimen and remained more than 200/mm3. Both CD8 TEM and CD8 TCM
were initially depleted effectively but rapid post-conditioning expansion of CD8 TEM was
observed after day 5, while CD8 TCM counts remained unchanged. This was an unexpected
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in vivo finding, since TEM have been reported to be terminally differentiated cells with
limited replicative capacity in vitro(18,19). It is possible that these vigorously proliferating
CD8 TEM were differentiated from CD8 TCM(20), resulting in no apparent expansion of
CD8 TCM. Neujahr et al. demonstrated that partial T-cell depletion resulted in homeostatic
proliferation of the residual lymphocytes, which lead to tolerance resistance in their mice
cardiac transplant model. They proposed two different strategies to block homeostatic
proliferation of memory T cells after T-cell depletion; first, by the adoptive transfer of
additional unprimed regulatory cells at the time of transplantation, and second, by the
adjunctive use of nondepleting anti-CD4 and anti-CD8 mAbs (10). In our studies, a
humanized anti-CD8 mAb, cM-T807, effectively inhibited expansion of CD8 TEM, which
resulted in improved chimerism and tolerance induction. The antibody cM-T807 is a strong
depleting antibody, which effectively depletes CD8+ cells from the peripheral blood and
lymph nodes (21). These results may indicate that a powerful depleting antibody can also be
a tool to overcome homeostatic proliferation of memory T cells.

Among memory T cells, donor-specific CD8 memory Tcells may be particularly important
in DBMT. In a murine model, adoptively transferred donor-specific CD8 memory T cells
consistently prevented induction of mixed chimerism and skin allograft tolerance, while
CD4 memory T cell had no effects on tolerance induction (7). In other studies, adoptively
transferred anti-donor CD4 memory T cells prevented induction of cardiac allograft
tolerance after treatments with CD154 blockade and donor-specific transfusion. However, in
that model, depletion of effector CD8 T cells resulted in significant prolongation of heart
graft survival even in the presence of anti-donor CD4 memory T cells (22). In the current
study, we only targeted CD8 memory T cells, with no extensive depletion being made
against residual CD4 memory T cells. In targeting CD4 memory T cells, it may be important
not to interfere with CD4+ T regulatory cells (23), which bear some similarities to memory
T cells in their phenotype and function (10,24–26). In a mouse model, low-dose TBI, anti-
CD154 and DBMT reliably induced mixed chimerism and allograft tolerance. However,
CD4+ T-cell depletion prevented the development of mixed chimerism and tolerance due to
a lack of regulation over donor-reactive CD8+ T cells (27). In a clinical trial for tolerance
induction using Campath antibody, profound depletion of both CD4+ and CD8+ cells
resulted in an increased incidence of acute rejection (28,29). Nevertheless, intervention of
residual CD4 memory T cells may be necessary to further improve the consistency of the
tolerance induction.

In conclusion, the current studies provide ‘proof of principle’ that the mixed chimerism
approach can induce tolerance even several months after organ transplantation by additional
intervention against CD8 memory T cells. Monoclonal antibody cM-T807 effectively
inhibited expansion of CD8 memory T cells and improved induction of chimerism and renal
allograft survival.
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Abbreviations

CI calcineurin inhibitor

DBMT donor bone marrow transplantation

KTx Kidney transplantation

SKBMT simultaneous kidney and bone marrow transplantation

TBI total body irradiation

TCM central memory cells

TEM effector memory T cells
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Figure 1. Posttransplant course (serum creatinine levels) of recipients in Groups SKBMT, A, B
and C
Red solid lines and black dashed lines indicate creatinine changes in the tolerant recipients
and rejectors, respectively. SKBMT: All eight recipients of SKBMT developed mixed
chimerism and 7 of 8 survived long term without acute rejection with four of them acquired
allograft tolerance. Group A: All four recipients in Group A failed to develop mixed
chimerism and rejected their kidney allografts. Group B: One recipient that developed
limited chimerism survived long term, but eventually developed chronic rejection and was
euthanized due to kidney failure on day 703 after DBMT. Two recipients failed to develop
chimerism and rejected their kidney allograft on days 64 and 16. Group C: Three recipients
(red lines) in Group C successfully developed mixed chimerism and have never developed
rejection with two recipients currently surviving at 1.8 and 2.8 years after DBMT with
normal kidney function. The other (red squares) died on day 67 due to refractory ascites
caused by right atrial thrombus, which may be attributed to side effects of anti-CD154
antibody at the time of DBMT. Two recipients failed to develop mixed chimerism and
rejected their allograft on days 61 and 35.
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Figure 2. Renal allograft biopsies obtained from recipients in Groups B and C
(A) Renal allograft from autopsy of a Group B long-term survivor (M6601) on day 702 after
DBMT. An enlarged glomerulus shows mesangial and endocapillary hypercellularity with
duplication of the basement membranes (arrows), PAS stain, 400×. (B) Renal allograft
(M6601 on day 702) showing capillary staining for C4d, 400×. (C) Biopsy taken on day 629
after DBMT from M 1902 (Group C) showing a normal glomerulus without hypercellularity
and with a normal basement membrane, PAS stain, 400×. (D) C4d staining of the biopsy
taken from M 1902 on day 629. No C4d staining of the peritubular capillaries, 400×.
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Figure 3. Lymphocyte subsets after DBMT
After DBMT, there is no significant difference observed in the absolute counts of
CD3+CD4+, CD3-CD16+ (NK cell) and CD3-CD20+ (B cell) cells in the peripheral blood
in Groups A–C. The CD8+CD3+ cells were significantly suppressed (p < 0.05) for 3 weeks
in Group C. Statistical analysis was performed by comparing the average of cell counts
between days 0–16 in Groups A (n = 4), B (n = 3) and C (n = 5) using Kruskal–Wallace test.
N.S.; statistically not significant.
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Figure 4. Absolute counts of naïve and memory T-cell subsets after DBMT in Group B (n = 2)
and Group C recipients (n = 3)
(A) CD4 naïve T cells were effectively depleted and remained suppressed. (B) The absolute
counts of CD4 effector memory T cells (CD95+CD28 & minus; CD4Tem remained low in
the peripheral blood. (C) CD4 central memory T cells (CD95+CD28+, CD4Tcm were
resistant to the conditioning regimen and their absolute counts remained >200/mm3 in both
Groups B and C. (D) CD8 naïve T cells (CD95−) were effectively depleted and remained
suppressed after DBMT in both Groups B and C, regardless of cM-T807 treatment. (E) CD8
effector memory T cells (CD95+CD28−, CD8 TEM) were effectively depleted until day 5 in
both groups. However, rapid expansion of CD8 TEM ensued thereafter in Group B, while
such rapid expansion of CD8 TEM was effectively inhibited by cM-T807 treatment in Group
C. (F) Absolute counts of CD8 TCM were also more suppressed in Group C than those in
Group B.
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