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Solid organ transplantation is an established option for many types of
end-stage organ failure. The introduction of new immunosuppressive
drugs and biologics has transformed the field of transplantation, leading
to significant improvements in the short-term survival rates of solid
organ allografts, including the kidney. Unfortunately, the indispensable
long-term use of immunosuppressive agents results in nonspecific inhibi-
tion of the host immune system, as well as off-target effects, increasing
the risk of life-threatening infections and malignancies,! in addition to
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Here we report the case of successful immune tolerance induction in a living-donor kid-
ney transplant recipient remotely treated with autologous bone marrow-derived mesen-
chymal stromal cells (MSC). This case report, which to the best of our knowledge is the
first in the world in this setting, provides evidence that the modulation of the host
immune system with MSC can enable the safe withdrawal of maintenance immunosup-

pressive drugs while preserving optimal long-term kidney allograft function.

immunoregulation, immunosuppression withdrawal, kidney transplantation, mesenchymal

cardiovascular and metabolic diseases,? all of which adversely impact
allograft function and outcomes. Furthermore, despite their potent
effect in inhibiting acute graft rejection, these agents, including the mod-
ern, sophisticated, and costly biologics, do not prevent chronic allograft
rejection,>* one of the leading causes of graft failure beyond 1-year
post-transplantation.

Twenty years after its launch, the Immune Tolerance Network
consortium, created to accelerate the clinical development of promis-
ing agents for the induction and maintenance of stable, long-term

immune tolerance, falls short of expectations—to successfully and
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safely achieve tolerance in humans.? Reports of kidney and liver allo-
graft recipients who became spontaneously immunosuppressive-free
have provided the proof of principle that transplantation tolerance
can theoretically be achieved.®” The intentional generation of immune
tolerance in kidney transplantation through bone marrow or hemato-
poietic stem cell/facilitator cell-based therapies has been reported in
a small subset of patients,®” but there has been a high risk of infec-
tions, graft-vs-host disease, and malignancies. These significant side
effects are inherently associated with the necessary peri-transplant
conditioning regimens adopted in the different cell-based procedures,
making these protocols too risky to justify routine use in patients
without malignancies. Although the ongoing development of T regula-
tory (Treg) cell therapy—as an alternative immunomodulatory cell pop-
ulation that does not require peri-transplant conditioning regimens—is
promising, the ONE study (involving a small number of living-donor
renal transplant recipients) faces major hurdles, such as the potential
for bystander global immunosuppression, the lack of effective strate-
gies for expanding antigen-specific Treg cells ex vivo, and issues
related to lineage instability in inflammatory microenvironments.1®
Interestingly, there are also small clinical trials that are testing the
safety and preliminary efficacy of autologous or donor-derived regula-
tory dendritic cells in renal and liver transplantation,** but none of the
patients have been weaned off the antirejection drugs. Immunomodu-
latory cell therapy with MSC in organ transplantation, which does not
require peri-transplant conditioning regimens, has reached more
advanced stages of clinical development.!!

Based on our preclinical findings in a cardiac transplant murine
model, showing the ability of syngeneic and allogeneic MSC to induce
regulatory T-cell-mediated tolerance,*? in 2009 we first designed and ini-
tiated a pilot safety and feasibility clinical study of autologous BM-
derived MSC in living-donor kidney transplant recipients.'®* However,
the first two patients who received MSC 7 days after transplant experi-
enced transient renal graft dysfunction a few days after MSC infusion.*®
We ruled out ongoing acute cellular rejection but found histologic evi-
dence of graft inflammation with increased neutrophils and complement
C3 deposit (engraftment syndrome).*® This observation led us to hypoth-
esize that, in the intragraft subclinical inflammatory environment that
occurs in the first few days after transplantation, MSC infused after
transplantation may have been recruited primarily to the graft and acti-
vated, eventually amplifying the local inflammatory process to the level
that affected graft function. We therefore moved back to a murine kid-
ney transplant model and found that a single administration of syngeneic
MSC 1 day before but not after renal transplantation avoided the acute
deterioration of graft function while maintaining the immunomodulatory
tolerogenic effects of the cell therapy.** MSC infused before transplant
localized into lymphoid organs, where they promoted early expansion of
Treg cells. The clinical protocol was then amended accordingly and MSC
infusion was set the day before transplantation. Two additional living-
related donor kidney transplant patients given autologous MSC no lon-
ger experienced engraftment syndrome or any other possible cell
treatment-related adverse events thereafter.1>¢ Other groups have also
confirmed the safety and clinical feasibility of autologous or allogeneic

MSC-based therapy in kidney transplantation.'”*® However, most of

Lessons learned

e Autologous bone marrow-derived mesenchymal stromal
cells (MSCs) infusion in kidney transplant recipients pro-
moted a sustained and long-lasting pro-tolerogenic
immune environment. This immune profile was particu-
larly remarkable in a kidney transplant patient.

e This patient was successfully weaned off immunosup-
pressive drugs and is now 18 months free from antirejec-
tion therapy with optimal kidney allograft function.

e This case report provides evidence that MSC could mod-
ulate the host immune system, enabling the induction of
operational tolerance, and sets the basis for future clinical

trials in solid organ transplantation.

Significance statement

This case report provides the first evidence that in living-
donor kidney transplantation autologous bone marrow-
derived mesenchymal stromal cells (MSCs) infusion can be
associated with safe, complete discontinuation of mainte-
nance antirejection drugs late after transplant, eventually all-
owing a state of operational tolerance. This case could be
also preparatory for future studies to assess whether a panel
of noninvasive immunomonitoring tools, in addition to clini-
cal criteria, could identify a pro-tolerogenic signature after
MSC therapy that could eventually help to identify patients
who are amenable to safe immunosuppressive drug discon-
tinuation. Further investigations building on this approach
are critically needed in living-donor as well as in deceased
donor kidney transplantation.

these studies lack mechanistic information on the immunomodulatory
properties of MSC treatment and, more importantly, have not yet
explored the possibility of inducing long-term graft tolerance with this
cell-based approach. Here, we present results from the first reported
case of a MSC-treated kidney transplant patient successfully weaned off
immunosuppressive drug therapy and describe changes in the host
immune microenvironment following cell treatment, a potential mecha-
nism of action through which the modulation of immune regulatory path-
ways may impact graft rejection and enable the development and
retention of a state of donor-specific graft tolerance.

The patient was a 37-year-old male with end-stage-renal dis-
ease who received a living-related donor kidney transplant in
October 2010 and was enrolled in a pilot safety and feasibility
study of pretransplant infusion of autologous ex vivo expanded BM-
derived MSC (ClinicalTrials.gov NCT00752479, NCT02012153). He
was on peritoneal dialysis as a result of end-stage renal disease sec-

ondary to immunoglobulin (Ig)A nephropathy and received a kidney
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transplant from his father, mismatched for two human leukocyte The day before transplantation (day —1), the patient was given
antigen (HLA) haplotypes (one on HLA-A and one HLA-DR). The autologous BM-MSC (2 x 10° per kg body weight) intravenously.
cross-match was negative, as were the antidonor HLA antibodies. From day O to day 6 after transplantation, induction therapy with
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FIGURE 1 Kidney graft function. A, Post-transplant course of changes in serum creatinine levels of the patient. Serum creatinine decreased
very quickly following kidney transplant and remained constant around the value of 1 mg/dL for the entire 9-year follow-up. B, Profile of
glomerular filtration rate (GFR), measured by plasma clearance of iohexol every 6 months after transplant, during the long-term follow-up. Its
slope showed a tendency of GFR to increase over time. Colored boxes highlight the sequential phases of cyclosporine A (CsA) and
mycophenolate mofetil (MMF) tapering and discontinuation, indicated by arrows. C, Profile of 24-hour urinary protein excretion during the post-
transplant period; arrows indicate the start and the end of immunosuppression tapering and discontinuation. D-G, Light microscopy findings in
patient's renal biopsies at 1 year (D,F) and 8 years (E,G) after transplantation. The glomeruli are patent and normocellular and show only a mild
increase in mesangial matrix and initial thickening of the Bowman's capsule. The surrounding cortical parenchyma is well preserved and there is
no evidence of acute or chronic inflammation, although patchy, mild interstitial fibrosis and moderate atherosclerosis of interlobular arteries can
be noted. All these findings are similar in the two protocol biopsies and likely compatible with the age of the kidney donor (65 years).

D,E, Periodic acid-Schiff (PAS), scale bar = 50 pm. F,G, Hematoxylin and eosin, scale bar = 50 pm
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low-dose rabbit antithymocyte globulin (RATG) infusion (0.5 mg/kg,
i.v. daily) was administered.*®

Maintenance immunosuppression was with cyclosporine A (CsA,
target trough blood levels of 300-400 ng/mL up to day 7 after surgery,
and 100-150 ng/mL at month 5 after transplantation), mycophenolate
mofetil (MMF, 750 mg b.i.d.), and steroids. Five hundred milligrams of
methylprednisolone were administered before RATG and continued
for 2 more days after transplantation (250 and 125 mg, respectively).
Thereafter, oral prednisone (75 mg) was administered, which was pro-
gressively tapered and discontinued on day 7 after surgery.*® The MSC
preparation and release criteria, clinical protocol for MSC treatment,
induction and maintenance immunosuppressive therapy, and baseline
characteristics are detailed in the Supplemental Online Methods and
Figure 1. Following the infusion of BM-derived MSC, the patient rapidly
recovered normal renal function after transplantation and thereafter had
an uncomplicated clinical course, with stable graft function for the next
2 years (Figure 1A). At 1 year after transplantation, the surveillance pro-
tocol biopsy showed no evidence of subclinical rejection (Banff Score
Class 1: Normal biopsy or nonspecific changes, Figure 1D,F). There was
no evidence of de novo donor-specific antibody development. Moreover,
during the follow-up period, he developed a sustained pro-tolerogenic
immune environment, as demonstrated by the high Treg/memory CD8"
T-cell ratio, the expansion of naive and transitional B cells in the periph-
eral blood (Figure 2A-D) and antidonor CD8" T-cell unresponsiveness on
cytotoxicity test (Figure 2E,F).

These clinical and immunological profiles, which revealed a pro-
tolerogenic milieu according to the recent literature,2° gave rise to an
internal discussion on whether we could pursue our general and long-
term aim of minimizing patient immunosuppressive therapy.?* Thus,
with the patient's consent, we decided to gradually reduce the dose
of immunosuppressive drugs, while closely monitoring renal graft
function. Initially, CsA dose was slowly reduced, and it was eventually
discontinued 4 years later (Supplemental Online Figure 2A). During
this period, graft function remained stable and immunological tests
suggested a persistent pro-tolerogenic milieu. Therefore, after
7 months on MMF monotherapy, this drug was also gradually tapered
off and completely withdrawn 10 months later (Supplemental Online
Figure 2B). At the time of submission, 18 months had elapsed without
immunosuppressive therapy.

Graft function, measured as serum creatinine levels, remained sta-
ble during the period when the patient was weaned off immunosup-
pressives and did not change even during the follow-up period while
free from immunosuppressants (Figure 1A). This pattern was con-
firmed with more reliable sequential monitoring of graft function, such
as glomerular filtration rate (GFR), measured through the plasma clear-
ance of iohexol, which actually demonstrated, on average, a tendency
to increase over time (Figure 1B). We cannot rule out, however, the
possibility that the rising trend of measured GFR could be attributable,
at least in part, to the progressive removal of the intrarenal vasocon-
strictive effect of CsA during tapering of this calcineurin inhibitor.?2
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FIGURE 2 Patient immunological status. Description of the profile of the ratio between percentages of Foxp3*CD127-CD25MehcD4* Tregs/

CD45RO*RA™ CD8* memory T cells (see also Supplemental Online Figure 3A,B) (A), of peripheral IgD*CD27 naive (B) and CD24"€"cD3ghe"
transitional (C) B-cell counts during the follow-up (gating strategy is provided in Supplemental Online Figure 4). Colored boxes highlight the
sequential phases of CsA and MMF tapering and discontinuation, indicated by arrows. D, Representative contour plots with outliers of CD38 and
CD24 expression on CD19"CD3~CD45*7AAD™ B cells from the patient at 8-year follow-up. CD38 and CD24 expression divides B cells into
memory, mature, and transitional B cells. Percentages of CD8" T-cell-mediated lympholysis (CML) of donor (E) or third-party (F) cells during the

different phases of immunosuppressive drug weaning



MSC-INDUCED KIDNEY TRANSPLANT TOLERANCE

STEM CELLS 431

Nevertheless, this approach strengthens our kidney graft function
data, because direct measurement of true GFR with this technique
avoids bias related to inaccurate GFR estimation using formulas.?®

Moreover, urinary protein excretion remained within the normal
range, both before and after weaning the patient off therapy, clinically
ruling out chronic allograft rejection or relapse of his pretransplant
glomerulopathy (Figure 1C). Importantly, surveillance graft biopsy
specimens were collected at the end of the current monitoring period
under free-immunosuppressive therapy. The histology findings pro-
vided evidence of a normal kidney (Banff Score Class 1, Figure 1E,G)
with minimal focal tubulo-interstitial fibrosis, a feature that is substan-
tially similar to that observed in a graft biopsy at 1 year after trans-
plant while the patient was given immunosuppressive drugs
(Figure 1D,F) and likely compatible with the advanced age (65 years)
of the living kidney donor.

We next assessed whether the favorable clinical course of the
kidney allograft was linked to a safeguarded immune tolerogenic
milieu promoted by the MSC pretransplant treatment. Analysis of
peripheral blood immunophenotype showed that the ratio of
Foxp3'CD127-CD25Me"CD4* Treg/CD45RO"RA"CD8" memory T-cell
percentages was variably elevated during the drug tapering and
immunosuppressant-free periods (Figure 2A). This was the result of the
increased percentage of Treg and a concomitant reduction in the per-
centage of memory CD8" T cells in the blood (Supplemental Online
Figure 3A,B). Similarly, in the peripheral blood, the number of
IgD*CD27™ naive B cells (Figure 2B; Supplemental Online Figure 4) and
of CD24Me"CD38"e" transitional B cells (Figure 2C,D; Supplemental
Online Figure 4) increased progressively and then stabilized within the
same time frame, indicating the presence of a B-cell profile consistent
with that which previously characterized the tolerogenic signature in
immunosuppression-free kidney transplant recipients.?* Notably, the
patient also exhibited a negligible immune response against the donor
(Figure 2E) but not third-party (Figure 2F) cells in the ex vivo cell-
mediated lympholysis assay, even during the immunosuppressant-free
time period.

What characterizes this tolerant patient who discontinued the
immunosuppressive drugs is that he developed a stronger and more
sustained pro-tolerogenic environment than the other three living-
donor transplant patients given autologous MSC before transplant
(one) or 7 days after transplant (two) in our center.’® Indeed, com-
pared with the other MSC-treated patients, he exhibited a lower per-
centage of CD45RO"RA™ memory CD8" T cells, a higher ratio Treg/
memory CD8" T-cell percentage, and a higher expansion of
IlgD*CD27~ naive B cells and CD24"€"CD38"&" transitional B cells in
the peripheral blood. Because they were participating in a safety and
feasibility pilot study, and given the lower pro-tolerogenic immune
milieu, in these other MSC-treated patients, for safety reasons, we
decided not to proceed with tapering/withdrawal of the immunosup-
pressive drugs. We are also confident that the donor-specific immune
tolerance achieved by our patient is not the result of particular
pretransplant characteristics of the recipient, donor, or graft quality,
but just the effect of the pro-tolerogenic environment promoted by

MSC infusion. This is supported by previous findings we reported in a

¥ TRANSLATIONAL MEDICINE

control group of kidney transplant patients of comparable mean age
at transplantation, similar causes of renal failure, as well as median
HLA mismatch with the donor, and donor age, who received induction
therapy with low-dose thymoglobulin alone or in combination with
basiliximab, but not MSC.}®> At variance with the tolerant patient
given MSC, the immune profile of Treg/memory CD8" T cells, and
naive and transitional B cells in the peripheral blood, did not change
compared with baseline pretransplant values during the same follow-
up period.

As in our tolerant patient, kidney allograft recipients who have
been reported to have achieved spontaneous operational tolerance
were characterized by an increase in the peripheral blood in the number
of naive and transitional B-cell subsets.?* However, what differentiates
and empowers the tolerogenic environment in our patient is the mar-
ked reduction in the percentage of CD45RO*RA"CD8* memory T cells
in the peripheral blood, attributed to a specific property that MSC have

2527 \which is not shared

of inhibiting memory T-cell expansion/activity,
by the immunosuppressive drugs28 taken by the few kidney transplant
patients who may then develop spontaneous operational tolerance.

In conclusion, this case provides novel evidence that, in living-
donor kidney transplantation, autologous BM-derived MSC infusion
can be associated with safe, complete discontinuation of maintenance
antirejection drugs late after transplant, eventually allowing a state of
immune tolerance, and also provide insights into potential mecha-
nisms. Although limited to a single MSC-treated patient, we are confi-
dent that what we observed later after transplantation could bona
fide be attributable to the sustained pro-tolerogenic environment pro-
moted by the single pretransplant cell treatment. Infused MSC, by
releasing extracellular vesicles or membrane particles or by undergo-
ing apoptosis, actively engage recipient monocytes/phagocytes and
eventually Treg, enabling long-term immunosuppressive/tolerogenic
activity that became self-sustained after the MSC disappeared.??-%°

Moreover, this case could be preparatory for future studies aimed
at assessing whether a panel of noninvasive immunomonitoring tools,
in addition to clinical criteria, could be of help in identifying a pro-
tolerogenic signature after MSC therapy that could eventually help
physicians to recognize patients who are amenable to safe immuno-
suppressive drug discontinuation. Therefore, further investigations
building on this approach are critically needed in living-donor as well

as in deceased-donor kidney transplantation.
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Supporting Information section at the end of this article.
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