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SUMMARY

Lifelong immunosuppression is required for allograft survival after kidney transplantation but

may not ultimately prevent allograft loss resulting from chronic rejection. We developed an
approach that attempts to abrogate immune rejection and the need for post-transplantation
immunosuppression in three patients with Schimke immuno-osseous dysplasia who had both T-
cell immunodeficiency and renal failure. Each patient received sequential transplants of a8 T-cell-
depleted and CD19 B-cell-depleted haploidentical hematopoietic stem cells and a kidney from

the same donor. Full donor hematopoietic chimerism and functional ex vivo T-cell tolerance was
achieved, and the patients continued to have normal renal function without immunosuppression at
22 to 34 months after kidney transplantation. (Funded by the Kruzn for a Kure Foundation.)

On the basis of recent estimates, the median survival of trans-planted kidney grafts is

11.7 years for organs from deceased donors and 19 years for organs from living donors;
therefore, most children who receive a kidney transplant will receive more than one in

their lifetime.! The lifelong immunosuppression received by kidney-transplant recipients
exposes them to risks of infections, cancer, and other complications and, even with full
adherence to immunosuppression, does not eliminate the risk of chronic rejection and
eventual allograft loss. Initial attempts to achieve immune tolerance by establishing transient
mixed chimerism through allogeneic hematopoietic stem-cell transplantation (HSCT) have
been successful 60 to 70% of the time.23 The establishment of stable mixed chimerism

has been associated with immune tolerance in HLA-matched patients, whereas in HLA-
mismatched kidney-transplant recipients, mixed chimerism has permitted a reduction in

the number of immunosuppressive drugs needed but not their discontinuation.* Alternative
approaches to establish 95 to 100% donor engraftment after HSCT have been complicated
by the risk of fatal graft-versushost disease (GVHD), which has occurred in some patients.®
The use of HSCT to eliminate the need for immunosuppression after kidney transplantation
in children has not been evaluated as it has been in adults. We developed an approach

that abrogates immune-mediated rejection and the need for long-term post-transplantation
immunosuppression and tested it in three patients with Schimke immuno-osseous dysplasia
(SIOD) who had been determined to need a kidney transplant.

SIOD is a rare autosomal recessive multisystem disease that characteristically includes
glucocorticoid-resistant nephrotic syndrome, spondyloepiphyseal dysplasia, short stature,
and variable T-cell immunodeficiency.® The disease is due to biallelic mutations in the gene
encoding SMARCAL1 (SWI/SNF-related matrix-associated actin-dependent regulator of
chromatin, subfamily A-like 1),” which is implicated in replication-coupled DNA repair and
telomere maintenance.® The nephrotic syndrome in SIOD is a podocytopathy that usually
progresses to focal segmental glomerulosclerosis and end-stage kidney disease.:10
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Previously, four of five patients with SIOD who underwent HSCT after myeloablative
conditioning died from HSCT-related causes, including infections and GVHD?!; the one
long-term survivor has had full immune and hematopoietic reconstitution.12 The high post-
HSCT mortality among the patients with SIOD may reflect, at least in part, the increased
sensitivity of SMARCAL 1-deficient cells to DNA-damaging agents,1:13 which are used in
myeloablative conditioning regimens.

Success with af T-cell-depleted and CD19 B-cell-depleted haploidentical (a5~
haploidentical) HSCT has been achieved in patients undergoing transplantation who have
nonmalignant diseases, with overall survival of 90%.14 The depletion of alloreactive T cells
and B cells results in low rates of both acute and chronic GVHD and of transplant-related
death.14 No deaths due to GVHD have occurred in a cohort of 70 patients who were treated
in this manner, including patients with disorders such as Fanconi’s anemia and dyskeratosis
congenita, in which radiosensitivity is a symptom, which necessitated the use of reduced-
intensity conditioning to avoid toxic effects.15-18 We hypothesized that a8-haploidentical
HSCT after reduced-intensity conditioning could result in successful engraftment in patients
with SIOD, whose cells are also radiosensitive. A predicted advantage of sequential

HSCT and kidney transplantation has been suggested by outcomes among patients who
first underwent HSCT for an unrelated disease and then subsequently received a kidney
transplant from the same HSCT donor, which resulted in long-term kidney-graft survival
without longterm immunosuppression,18-20

We report on the treatment and clinical courses of three children with SIOD and T-

cell immunodeficiency who underwent sequential aB-haploidentical HSCT and kidney
transplantation from the same parental donor in order to establish functional tolerance and
abrogate the need for post-transplantation immunosuppression.

METHODS

PATIENTS

Three patients with SIOD who had documented biallelic mutations in SMARCAL1 (Table
S1 in the Supplementary Appendix, available with the full text of this article at NEJM.org)
underwent aB-haploidentical HSCT after enrollment in studies that had been approved

by the Stanford University institutional review board. Informed consent for the HSCT

and kidney donation were obtained from the parents who served as donors. This research
was conducted in accordance with the International Council for Harmonisation and the
Declaration of Helsinki.

TREATMENT

The af T-cell and CD19 B-cell depletion was performed as previously reported.14 All
patients underwent peripheral blood lymphocyte immunophenotyping by flow cytometry,
karyotype analysis, determination of circulating leukocyte telomere length (see the
Supplementary Methods section and Fig. S1), and chimerism studies conducted with the
use of short-tandem-repeat polymerase chain reaction.?! The pre-HSCT reduced-intensity
conditioning consisted of antithymocyte globulin (7.5 mg per kilogram of body weight),
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fludarabine (starting dose of 1 mg per kilogram daily for 4 days), cyclophosphamide (1200
mg per square meter of body-surface area), total-body irradiation (200 cGy), and rituximab
(200 mg per square meter) (Fig. 1). Adjustment of fludarabine doses for all patients was
based on levels in plasma and calculations of the area under the concentration—-time curve
(see the Supplementary Methods section and Fig. S2).

In the first 30 days after HSCT, Patients 1 and 2 received 1x108 donor-derived a8 T

cells per kilogram; the cells had been engineered ex vivo to express an inducible caspase
9 (iC9) suicide gene,22 but the patients did not receive dimerization therapy to activate

the iC9 transgene product. (At the time of the treatment of Patient 3, iC9 genetically
modified T cells were no longer being manufactured.) When full (i.e., >95%) donor
myeloid and lymphoid chimerism after HSCT had been confirmed, each patient received
a living-donor kidney transplant from the parental HSCT donor. The patients received
intraoperative methylprednisolone and postoperative low-dose oral prednisone (0.5 mg
per kilogram per day with taper) and tacrolimus (target serum level of 3 to 5 ng per
milliliter) to reduce potential reperfusion-related inflammation. All peri-transplantation
immunosuppressive drugs were tapered off by day 30 after transplantation, and no
subsequent immunosuppressive therapy was administered. One-way mixed-lymphocyte
culture was performed to evaluate the functional tolerance of recipient T cells to the
alloantigens of the kidney-transplant donor. Peripheral blood mononuclear cells (PBMCs)
were used as a source of responder T cells, and irradiated Epstein—Barr virus—transformed
lymphoblastoid cell lines derived from both parents of the patients and an unrelated healthy
third-party donor were used as stimulators (see the Supplementary Methods section).

Because all three patients with SIOD had both moderate adaptive immunodeficiency (e.g.,
diminished antibody responses to vaccines and diminished T-cell responses to mitogens,
vaccine antigens, or both) (Table S1) and advanced renal insufficiency, we performed
parental aB-haploidentical HSCT to establish a competent donor-derived immune system
that would be tolerant to a subsequent kidney allograft from the same donor. No post-HSCT
pharmacologic immunosuppression was used (Table 1). All three patients had successful
engraftment, with full donor lymphoid and myeloid chimerism at the time of the neutrophil
engraftment for Patients 1 and 3 and by day 150 after transplantation for Patient 2, and
normal T-cell immune reconstitution, including normal mitogen responsiveness (Table 1).
When adequate nutritional status (i.e., a body-mass index [the weight in kilograms divided
by the square of the height in meters] of >18.5) had been reached through the use of

enteral feedings and an ambulatory level of activity had been attained, kidney transplantation
from the HSCT parental donor was performed (at 5, 10, and 5.5 months after HSCT in
Patients 1, 2, and 3, respectively) (Fig. 1). Immunosuppression was withdrawn by day 30
after transplantation, and at the time of this report, 34, 23, and 22 months had passed

since transplantation; renal function remained normal, without any clinical signs of rejection
(Table 1).
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To evaluate the recipients for functional T-cell tolerance after kidney transplantation,
PBMCs were isolated from the patients and evaluated in a one-way mixed-lymphocyte
culture assay (see the Supplementary Methods section). After HSCT and kidney
transplantation, the T cells of all three recipients did not proliferate in response to
stimulation by the irradiated cells from their parental donors, whereas they did proliferate
after stimulation by cells from the nondonor parent or third-party control cells (Fig. 2).
These results indicated that after sequential a-haploidentical HSCT and transplantation
of a kidney from the same donor, the circulating donorderived T cells were functionally
tolerant to the alloantigens of the transplanted kidney and, therefore, potentially unable to
mediate graft rejection even in the absence of immune suppression.

CASE REPORTS

Patient 1 received a maternal af-haploidentical HSCT (8/10 HLA-matched) after
pharmacokinetically guided pre-HSCT conditioning. (Details of the pharmacokinetic
modeling for all three patients are provided in Fig. S2.) Dialysis was continued during
HSCT to control fluid and electrolyte balance. Engraftment occurred on day 12 after HSCT,
when the absolute neutrophil count was greater than 500 per microliter and showed full
donor chimerism of both CD15+ myeloid and CD3+ T cells (Table 1). On day 27, the
patient received 1x108 donor-derived, iC9 genetically modified T cells per kilogram.22 His
post-HSCT course was complicated by asymptomatic reactivation of human herpesvirus 6
(HHV-6), which resolved with 2 weeks of ganciclovir therapy, and by grade Il cutaneous
acute GVHD (onset on day 52 after HSCT), which was treated with prednisone (1 mg per
kilogram per day for 1 week followed by a rapid taper). CD4+ and CD8+ T cells, including
their naive subsets, progressively increased after HSCT, with levels of 800 per microliter
and 400 per microliter, respectively, present at 1 year after HSCT. Five months after HSCT,
he received a kidney transplant from his mother followed by immunosuppression with
prednisone and tacrolimus for 30 days. At the time of this report 34 months later, the
patient had full donor hematopoietic chimerism, was free of clinical rejection without any
immunosuppressive drugs, and had a serum creatinine level of 0.25 mg per deciliter (22

mol per liter).

Patient 2, the sibling of Patient 1, received paternal aB-haploidentical HSCT (5/10 HLA-
matched) after pharmacokinetically guided pre-HSCT conditioning. Because of increasing
creatinine levels and fluid overload, she began to undergo hemodialysis on day 21 after
HSCT. Donor-derived iC9 genetically modified T cells (1x108 per kilogram) were given
on day 24. The patient did not have any viral reactivation or signs of acute or chronic
GVHD. Chimerism studies performed at the time of hematopoietic engraftment on day 14
showed mixed chimerism (71% donor cells in whole blood) that became fully donor by
day 150. Because of the coronavirus disease 2019 (Covid-19) pandemic, paternal kidney
transplantation was postponed until 10 months after HSCT, by which time the patient

had normal T-cell function (Table 1). At the time of this report, 23 months after kidney
transplantation, the patient had full hematopoietic donor chimerism, was free of rejection
without any immunosuppressive drugs, and had a serum creatinine level of 0.29 mg per
deciliter (26 pmol per liter).
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Patient 3 received aB-haploidentical HSCT (7/10 HLA-matched) from her father after
having received pharmacokinetically adjusted pre-HSCT conditioning while undergoing
peritoneal dialysis. Her post-HSCT course was uneventful, and she reached full donor
chimerism with hematopoietic engraftment at day 15. Five and a half months after

HSCT, she received a kidney transplant from her father. As a result of hyperglycemia,

her post-kidney transplantation treatment with tacrolimus and methylprednisolone was
stopped on days 5 and 12, respectively. At the time of this report, 22 months after kidney
transplantation, she had full donor hematopoietic chimerism, was free of rejection without
any immunosuppressive drugs, and had a serum creatinine level of 0.32 mg per deciliter (28

mol per liter).

DISCUSSION

To achieve full donor chimerism while avoiding the risk of severe GVHD and to fully
reconstitute the adaptive immune systems of three pediatric patients with SIOD, we
successfully transplanted HLA-haploidentical hematopoietic stem cells depleted of a8 T
cells and CD19 B cells after reduced-intensity conditioning. Each patient then received a
kidney transplant from the same parent who served as the donor for haploidentical HSCT,
and all immune suppression was withdrawn by 30 days after kidney transplantation. The
apB-haploidentical HSCT resulted in full donor hematopoietic engraftment, lymphocyte
recovery, and immune reconstitution without any post-HSCT immunosuppression. One
patient had transient grade Il cutaneous acute GVHD, which responded to a short course
of glucocorticoids. Only one patient had HHV-6 viremia. Cytomegalovirus reactivation after
either HSCT or the kidney transplantation was not detected in any of the patients.

Previous attempts to induce tolerance by establishing transient mixed chimerism required
revisions of the conditioning regimen to overcome engraftment syndrome and improve the
consistency of the results.2-3 Persistent mixed chimerism in the context of an HLA mismatch
has allowed the reduction of immunosuppression after kidney transplantation to a single
agent but has not allowed complete discontinuation of immunosuppression in those cases.*
The establishment of 100% donor chimerism has been associated with HSCT-related toxic
effects.>24 In contrast, our strategy resulted in rapid and persistent full donor lymphoid
and myeloid engraftment and complete discontinuation of all immunosuppression by day
30 after kidney transplantation, without severe GVHD. SIOD includes both impaired T-cell
immunity and impaired hematopoiesis, which might have favored the rapid appearance

of functional tolerance to the kidney allograft. These results are also consistent with
previous preclinical studies in mice showing functional tolerance to skin allografts after
haploidentical HSCT2® and the previously unplanned clinical use of kidney transplantation
after HSCT.18-20 Fyrther studies will be needed to determine whether these outcomes

can be achieved in allograft recipients with intact pretransplantation T-cell immunity and
hematopoiesis.

We successfully transplanted kidneys into three patients with SIOD, a syndrome
characterized by variable T-cell immunodeficiency; each patient underwent af T-
cell-depleted and CD19 B-cell-depleted haploidentical HSCT followed by kidney
transplantation from the same donor and continued to have normal renal function without
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immunosuppression at 22 to 34 months after kidney transplantation. This regimen has
resulted in the correction of their primary immune deficiency.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Medications and Irradiation Used to Haploidentical Donor Parent (D)
Condition Recipients for HSCT

Parental
donor
stem

Antithymocyte cells
globulin Kidney transplantation
7.5 mg/kg (after HSCT)
ap T-cell- and CD19
B-cell-depleted
HSCT
* /-
I I 1 I I I I I I I I
oy 3 3 7 5 3 4 3 2 10 /) wowho 0 zo 5
i
No post-HSCT <30 days of
immunosuppression immunosuppression

after kidney transplantation

Last follow-up
(after kidney
transplantation)

Total-body irradiation
200 cGy

Rituximab
200 mg/m?

Fludarabine 1 mg/kg/day for 4 days

(adjusted to reach AUC of approximately 20 mg:hr/liter) All with normal kidney function and not receiving

Cyclophosphamide 1200 mg/m? any immunosuppression at these time points

Figure 1. Sequential afB T-Cell-Depleted and CD19 B-Cell-Depleted Haploidentical HSCT and
Kidney Transplantation in Three Patients with SIOD.

Three patients with Schimke immuno-osseous dysplasia (SIOD) received a reduced-intensity
conditioning regimen consisting of antithymocyte globulin, fludarabine (the dose of which
was adjusted because of the patients’ renal insufficiency), cyclophosphamide, totalbody
irradiation, and rituximab. The graft used for hematopoietic stem-cell transplantation
(HSCT), which was obtained from one of the parents, was depleted of a8 T cells and

CD19 B cells, and no immunosuppression was administered after the graft infusion. Each
patient received a kidney transplant 5 to 10 months later from the parent who served as

the donor for HSCT. A short course of immunosuppression was stopped by 30 days after
kidney transplantation. All three patients have had normal kidney function without any
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immunosuppression for a period of follow-up ranging from 22 to 34 months. AUC denotes
area under the curve.
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Figure 2. One-Way Mixed-Lymphocyte Cellular Assay of T-Cell Alloreactivity at 1 Year after

Kidney Transplantation.

Peripheral blood mononuclear cells (PBMCs), which were used as responder cells, were
isolated from the three patients at least 1 year after their kidney transplantation (KT). The
PBMCs were stained with CellTrace Violet (Invitrogen) before coculture with stimulator
Epstein—Barr virus (EBV)—transduced B lymphoblastoid cell lines (EBV-LCLS) previously
generated from the parents of the patients or from an unrelated healthy third-party control.
CellTrace Violet fluorescence intensity (on a logarithmic scale) for CD3+CD19- cells (x
axis) is shown plotted against T-cell count (y axis); a loss of fluorescence indicates cell
proliferation. T-cell proliferation was measured after 6 days of culture and obtained at a
responder-to-stimulator ratio of 2:1. T cells of both of the two siblings (Patients 1 and 2) and
of Patient 3 showed functional tolerance to EBV-LCLs derived from their respective donors,

whereas they were immune competent and proliferated in the presence of EBV-LCLs

derived from nondonor parents or a healthy, unrelated control. The plots in the first column
show the absence of T-cell proliferation when PBMCs were cultured in medium alone. The
results shown are representative of three replicates for each combination of stimulator and

responder cells.
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Characteristics of the Patients and the Hematopoietic Stem-Cell Transplantations.*

Table 1.
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Characteristic

Age at HSCT (yr)

Donor-specific antibodies

CKD stage at HSCT 7
Renal dialysis at HSCT
CMV IgG serostatus
Donor
Recipient
ABO and Rh type
Donor
Recipient
Graft composition (cells/kg)
CD34+ HSCs
af+ T cells
v&6+ T cells
NK cells

B cells
Post-HSCT day of neutrophil engraftment’t

Post-HSCT day of platelet engraftmentf
Treatment-related toxic effects
CMV reactivation after HSCT or KT
Opportunistic infections after HSCT or KT
Chimerism at hematopoietic engraftment
Whole blood (% donor)
Day after HSCT
Pre-KT chimerism
Lymphoid (% donor CD3+)
Day after HSCT
Myeloid (% donor CD15+)
Day after HSCT
Post-KT chimerism
Lymphoid (% donor CD3+)
Day after KT
Myeloid (% donor CD15+)
Day after KT

PHA response before KT (counts/min)

CD4+

HLA match of HSCT graft (no. of alleles matched/total no.)

Day of immune reconstitution of naive T cells after HscT!

Patient 1
6.0
8/10
Negative
5
Yes

Positive

Negative

O+
A+

15x108

0.69%10°
3.75x10%
16.4x108
3.75x10°

12

16

Mucositis grade 11

None

None

100
12

100
148
100
148

100
219
100
219
135,082

180

Patient 2
48
5/10
Negative
3
No

Negative

Positive

20x108
0.67x10°
5.76x108
4.07x108
50.2x10°

14

14

Mucositis grade 11
None

None

718
14

96
150
99
150

97
313
96
313
161,795

180
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Patient 3
8.6
7/10
Negative
5
Yes

Positive

Negative

O+
O+

19.9x108
0.07x10°
4,33x108
66.6x10°
0.9x10°

12

15

Mucositis grade |
None

None

100
12

97
61
99
61

100
201
100
201
104,191

180
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Characteristic Patient 1
CD8+ 365

Graft-versus-host disease

Acute Grade Il skin only
Chronic None
Virus reactivated after HSCT HHV-6
iC9 genetically modified donor T cells Yes
Day after HSCT 27
Creatinine level at last follow-up (mg/dl) 0.25

Response to vaccination after HSCT and KT

Streptococcus pneumoniae 19G titers, 11 serotypes Protective titers

Tetanus antibody level (IU/ml) >5.33

Patient 2
365

None
None
None
Yes
24
0.29

Protective titers

>5.33

Patient 3
270

None
None
None

No

0.32

Patient vaccinated but titers not yet
available

Patient vaccinated but titers not yet
available

*

The HSCT conditioning regimen received by all three patients consisted of fludarabine, cyclophosphamide, total-body irradiation (200 cGy),
antithymocyte globulin, and rituximab. To convert values for creatinine to micromoles per liter, multiply by 88.4. CMV denotes cytomegalovirus,
DSA donor-specific antibody, HHV-6 human herpesvirus 6, HLA human leukocyte antigen, HSC hematopoietic stem cell, HSCT hematopoietic

stem-cell transplantation, KT kidney transplant, and PHA phytohemagglutinin.

fChronic kidney disease (CKD) stages range from 1 to 5, with stage 5 indicating end-stage kidney disease. Stage 3 CKD is defined as a glomerular

filtration rate (GFR) of 30 to 59 ml per minute per 1.73 m2, and stage 5 CKD as a GFR of less than 15 ml per minute per 1.73 m2.

JtA definition of engraftment is provided by Kharfan-Dabaja et al.23

§Fu|l chimerism was present in Patient 2 by day 150 after HSCT.

”Immune reconstitution of naive CD4+ and CD8+ T cells has been defined as the presence of more than 50 cells per microliter. The gating
strategy for naive CD4+ T cells was CD45+/singlets/CD3+/CD4+CD8-/CD27+CD45R0O—, and the gating strategy for naive CD8+ T cells was

CD45+/singlets/CD3+/CD4-CD8+/CD27+CD45RO-.
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