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First-in-human therapy with Treg produced from
thymic tissue (thyTreg) in a heart transplant infant
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Due to their suppressive capacity, regulatory T cells (Tregs) have attracted growing interest as an adoptive cellular therapy
for the prevention of allograft rejection, but limited Treg recovery and lower quality of adult-derived Tregs could represent an
obstacle to success. To address this challenge, we developed a new approach that provides large quantities of Tregs with
high purity and excellent features, sourced from thymic tissue routinely removed during pediatric cardiac surgeries
(thyTregs). We report on a 2-year follow-up of the first patient treated worldwide with thyTregs, included in a phase I/Il clinical
trial evaluating the administration of autologous thyTreg in infants undergoing heart transplantation. In addition to
observing no adverse effects that could be attributed to thyTreg administration, we report that the Treg frequency in the
periphery was preserved during the 2-year follow-up period. These initial results are consistent with the trial objective, which is

to confirm safety of the autologous thyTreg administration and its capacity to restore the Treg pool.

Introduction

Despite the benefits of allotransplantation, the recipient’s im-
mune response can endanger graft viability and the patient’s
life. A promising alternative to the current immunosuppressive
regime that could increase the success of allotransplantation is
adoptive cellular therapy with regulatory T cells (Tregs). Studies
in animal models demonstrated that Treg therapy confers in-
definite graft survival without needing pharmacological immu-
nosuppression (Tsang et al., 2009). Moreover, preserved Treg
values are associated with operational tolerance in pediatric
transplantation (Ohe et al., 2012; Schulz-Juergensen et al., 2013).
Thus, several Treg-based clinical trials employing autologous
Tregs purified from peripheral blood in solid organ allotrans-
plantation are complete or ongoing (Oberholtzer et al., 2021;
Orozco et al., 2022; Romano et al., 2019). Potential challenges
limiting the efficacy of this approach include the low number of
Tregs that can be isolated from peripheral blood and the lower
quality (in terms of purity, survival, or phenotype stability) of
adult-derived cells related to their higher state of cellular dif-
ferentiation and ex vivo expansion (Arroyo Hornero et al., 2017;
Hoffmann et al., 2006, 2009; Miyara et al., 2009). In addition,

the current approach requires the extraction of high volumes of
blood to obtain sufficient Tregs, clearly a major limitation for
pediatric patients.

To overcome these challenges, we pursued the employment
of an alternative Treg source: discarded pediatric thymuses
routinely removed in pediatric cardiac surgeries to gain ade-
quate exposure to the retrosternal operative field (Bernaldo-de-
Quirds et al., 2022a; Dijke et al., 2016). In vitro studies showed
that these Tregs derived from the thymus have a stable pheno-
type and potent suppressive function, providing advantageous
features that increase their therapeutic potential (Bernaldo-de-
Quirés et al., 2022a; Dijke et al., 2016; MacDonald et al., 2019). To
operationalize this approach, we developed a novel “good
manufacturing practices” (GMP) protocol to produce large
numbers of high-quality Tregs purified from thymic tissue
(thyTregs). Next, we sought to assess the safety and efficacy of
the autologous thyTreg therapy by initiating a clinical trial in
infants undergoing heart transplantation. This is the first trial
worldwide to administer a Treg therapy to transplanted chil-
dren and the first to employ thyTregs in humans.
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Here, we report the results of the first patient treated with
thyTregs after completing the final 2-year follow-up, providing
interim data on the feasibility and safety of this new therapy and
obtaining preliminary results about the achievement of the
clinical endpoints of the trial. The ultimate success of this ap-
proach could open a new frontier in the management of immune
tolerance.

Results and discussion

The thymus is routinely excised during pediatric heart trans-
plantation and other cardiac surgeries, removing the primary
source of T cell replenishment (including Treg cells). In trans-
plantation, thymectomy and the effects of pharmacologic im-
munosuppression on the Treg compartment combine to produce
a progressive decrease in Treg proportions from the seventh
month after transplant which may compromise the protective
role Tregs play in preventing heart transplant rejection in
children (Bernaldo-de-Quiros et al., 2021; Lépez-Abente et al.,
2021). Strategies addressed to replenish the Treg pool in these
patients could reduce the risk of rejection by restoring Treg-
mediated suppressive mechanisms.

Numerous clinical trials using adoptive Treg cell therapy to
prevent solid organ transplant rejection in adults are underway
(reviewed in Oberholtzer et al. [2021]; Romano et al. [2019]). The
standard autologous Treg therapy strategy used in the context of
solid organ transplantation consists of Treg purification from
blood, expansion ex vivo to obtain an adequate cell number, and
return to the patient (Sdnchez-Fueyo et al., 2020; Sawitzki et al.,
2020; Todo et al., 2016). The results emerging from these trials
are promising, but a potential limitation is the low/short ther-
apeutic effect of the Treg infusion (Orozco et al., 2022). This
could be due to the features of the administered Tregs since most
matured or senescent Tregs, such as those from adults or ob-
tained after extended ex vivo expansion cycles, would have re-
duced survival and phenotypic stability and may even lose their
suppressive phenotype and acquire a proinflammatory pheno-
type (Hoffmann et al., 2006, 2009, 2011).

More recent studies show that the naive Tregs, which are
more abundant in cord blood Treg or Treg derived from thymic
tissue, have a more stable demethylated FOXP3 phenotype
(Arroyo Hornero et al., 2017) and are less likely to acquire a
proinflammatory phenotype (Canavan et al.,, 2015) compared
with CD45RAneg Tregs. Treg cells coming from pediatric in-
dividuals would exhibit a more enduring naive phenotype, but
no trials of Treg therapy to prevent rejection have been per-
formed in children due to the low number of Tregs that can be
obtained from their limited blood volume (Bernaldo-de-Quirds
et al., 2022b).

Our innovative approach employing discarded thymic tissue
as a Treg source in combination with an optimized GMP
manufacturing protocol overcomes these limitations, allowing
the production of massive quantities of stable therapeutic Tregs
with a naive-like phenotype and optimal features. With our
protocol, a single thymus can yield 300-3,000 million thera-
peutic thyTregs. By employing only a short 7-day culture to
preactivate the thyTreg before infusion, we preserve their
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phenotype, suppressive capacity, and stability, as described in
this article. This enables Treg therapies to be used in the pedi-
atric transplant context for the first time.

Phenotypic and functional properties of

administered thyTregs

The first patient treated (thyl-01) was a 7-mo-old female (see
patient description in Materials and methods section), whose
excised thymic tissue weighed 8.9 g, yielding 7.6 x 10° thymo-
cytes (854 x 10 thymocytes/g). Positive selection of CD25*
thymocytes, activation, and culture of resulting thyTregs was
performed at the Cell Production Unit of Gregorio Marafién
Health Research Institute (IISGM). We finally obtained 315 x 10¢
thyTreg cells for thyl-01, exceeding the dose required for the
patient (Table 1). The viability of administered cells was 96.6%
and the purity of thyTreg cells was 89.9% CD25*FOXP3* cells
(gating strategy is shown in Fig. S1).

In addition to FOXP3 expression, the Treg phenotype of
thyTreg was further confirmed by comparing the expression of
phenotypic markers associated with function and homing with
peripheral-blood Tregs from the same individual. Infused thy-
Tregs had high expression of cytotoxic T-lymphocyte-associated
protein (CTLA-4), inducible T cell co-stimulator (ICOS), HELIOS,
and CD27 (Fig. 1 A). Furthermore, thyTregs expressed high levels
of CCR4 and CD62L, indicating their putative ability to migrate
to organs with large epithelial surfaces and to lymph nodes,
respectively (Lamarche and Levings, 2018; Sather et al., 2007)
(Fig. 1B). These results confirm that administered thyTregs have
phenotypic features at least comparable with the Tregs that are
present in the peripheral blood of the treated patients, and thus
have the ability to exert the regulatory role of the endogenous
Tregs.

Functional properties of the infused thyTregs were con-
firmed by (i) the release of high quantities of the suppressive
cytokine IL-10 but negligible or undetectable values of IFN-y,
IL-4, or IL-17A (Fig. 1 C) and (ii) a marked inhibition of the
proliferation of CD4* T and CD8* T cells (Fig. 1, D and E), con-
firming their high suppressive capacity. Increased frequencies
of effector CD8* T cells have been related to a higher risk of
rejection during the first year after transplant (Bernaldo-de-
Quiros et al., 2021; Jacquemont et al., 2020), and the capacity
of thyTreg to suppress the proliferation of CD8* T cells could
contribute to rejection prevention in treated patients.

The therapeutic use of adult peripheral Tregs, which can
include induced and natural highly differentiated Tregs, may be
limited by their phenotype instability of the cells, notably in
a proinflammatory environment. These Tregs can lose their
FOXP3 expression and suppressive phenotype and may switch
to an inflammatory phenotype (Koenen et al., 2008; McClymont
et al., 2011). We confirmed the stability of FOXP3 expression in
the infused thyTreg cell product by analyzing the methylation
profile of the Treg-specific demethylated region (TSDR) (FOXP3-
ADS783) (Fig. S2 A). An intermediate level of TSDR demethyl-
ation in thyTregs was observed in this female patient due to the
methylation-mediated inactivation of one X-chromosome in
females. The differential methylation pattern between thyTreg
and conventional thymocytes (thyTconv) was observed not only

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20231045

620z Jequiede( 90 uo 3senb Aq 4pd G101 €202 Wel/01 L0Z6L/SY01£2028/Z1/02Z/#Pd-alomne/wal/Bio0 sseidni//:dny woly pepeojumoq

20f9


https://doi.org/10.1084/jem.20231045

Table 1. Clinical characteristics of the pediatric heart transplant patients treated with thyTreg cells (thy1-01) or included in the control (non-

treated) group

ID Sex Diagnosis Age at Tx Weight at Tx Type of Tx Age at thymectomy thyTreg dose thyTreg infusion
thyl-01 F DCM 7 mo 6.1kg ABO incompatible 7 mo 122 x 10° (20 x 10%/kg)  Day +9 after Tx
Ctrl-1 M CHD 14 mo 8.0 kg ABO compatible 7 mo

Ctrl-2 M CHD 2 mo 4.0 kg ABO compatible 5 days

Ctrl-3 F CHD 5 mo 5.0 kg ABO incompatible 4 days

Ctrl-4 M DCM 4 mo 6.5 kg ABO compatible 4 mo

F, female; M, male; DCM, dilated cardiomyopathy; CHD, congenital heart disease; Tx, transplant.

in the FOXP3 gene but in three other genes, including CTLA-4,
IKZF2, and ILR2A (Fig. S2 A).

In addition, we exposed the patient’s thyTregs to a cocktail of
cytokines polarizing to Thl (IL-2 and IL-12) or Th17 (IL-2, IL-1B,
IL-6, IL-23, and TNF-a) for 3-4 days and observed that thyTreg
cells maintained their FOXP3 expression intact (Fig. 1 F and Fig.
S2). In addition, thyTregs produced negligible or undetectable
quantities of IFN-y and IL-17A compared with peripheral blood
leukocytes cultured in the same polarizing conditions (Fig. S2, C
and D), and the suppressive capacity (inhibition of CD4* T and
CD8* T proliferation) of the thyTregs was also preserved in these
proinflammatory conditions (Fig. S2, E and F).

ThyTreg administration, safety, and immunological and
clinical follow-up

In addition to the first patient receiving the thyTreg therapy
(thy1-01), four patients undergoing a heart transplant with the
same immunosuppressive regimen but not receiving thyTreg
therapy were also enrolled as a control cohort. Controls and the
treated patient were clinically and immunologically followed up
periodically for 2 years after transplant. The clinical trial design
and a description of the immunosuppressive regime are in-
cluded in the Materials and methods and in Fig. 2.

Patient thyl-01 was randomized and assigned to receive a
dose of 20 x 10° cells per kg at day +9. No complications at-
tributed to thyTreg administration were observed after thyTreg
infusion and during the 2-year follow-up, suggesting that au-
tologous thyTregs may be safe and well tolerated. Adverse
events (AEs) in the treated patient were those commonly related
to characteristics of the heart transplantation post-operative
period and concomitant medications. Concretely, the AEs that
required hospital admission according to the center’s protocol
were (i) swelling in sternotomy; (ii) gastroenteritis; (iii) weight
loss and food rejection; (iv) otitis media and COVID. At the
discretion of the clinicians responsible for patient follow-up,
these events were not related to the therapy, fell within the
usual events in these patients, and were resolved without
complications. Since performing endomyocardial biopsies in
such young children (<2 year) is contraindicated due to the risk
of organ perforation, we have no histological data in these pa-
tients as an indicator parameter of rejection. Graft rejection
episodes may be suspected by the appearance of clinical symp-
toms (fever, irritability, refusal of food, etc.), echocardiog-
raphy alterations (myocardial thickening or hypertrophy,
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atrioventricular valvular insufficiency, pericardial effusion,
and diminished contractility), and/or heart rhythm alter-
ations (flutter or ventricular tachycardia), which should improve
after increasing immunosuppression. In patient thyl-01, all the
mentioned parameters were normal and none of the clinical signs
of suspected rejection appeared in this infant. It should be noted
that none of the patients (treated or controls) received induction
therapy and that the prednisolone dose was progressively reduced
until it was completely withdrawn after the 10th-11th mo after
transplant. Therefore, these preliminary results suggest that the
combination of the thyTreg therapy with a reduction in the dose of
immunosuppressants could be an approach to reduce the side
effects of these drugs without increasing the risk of rejection.

The primary endpoint of the trial is the repopulation of Treg
cells in the patient, determined as the increase in Treg values in
peripheral blood relative to pretransplant values or in compar-
ison with a control cohort of non-treated patients (time frame:
24 mo). Transplanted patients in the control cohort (who did not
receive thyTreg therapy) experienced a transient increase in the
peripheral Treg frequency in the first weeks after transplant,
which could be related to a response from the Treg to the in-
flammation associated with the transplant procedure. These
control infants experienced a progressive decrease in the cir-
culating Treg frequency 9 mo after transplant (Fig. 3 A),
reaching levels 40% lower than pretransplant values at the end
of the follow-up period, which agrees with a previous study
(Bernaldo-de-Quiros et al., 2021). However, patient thyl-01 ex-
perienced an increase in Treg frequency after thyTreg infusion
and maintained Treg values higher than pretransplant levels
throughout the 2-year follow-up period. This contrasts with
some trials administering Treg in transplanted adults, where
increased circulating Tregs were noticeable from infusion but
persisted for only 1 mo (Sanchez-Fueyo et al., 2020).

In addition to the percentage change in Treg frequency after
transplant (Fig. 3 A), we also report values of the Treg frequency
in total CD4* T cells (Fig. S3 A). The reference value of Treg
frequency in total CD4* T cells in healthy infants younger than
1 year old is 8% (tolerance interval: 4-16%) (Schatorjé et al.,
2012). Values of Treg percentage would be within the refer-
ence interval in both treated and control patients (Fig. S3 A),
except that control patients seem to reach values <8% from 9 mo
after transplant.

We also measured absolute Treg counts (cells per pl of blood),
observing a higher increase in the absolute counts of peripheral
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Figure 1. Characteristics of the infused thyTreg product. (A and B) Frequency of phenotypic/functionality (A) and homing (B) markers within viable cells of
the thyTreg product infused to patient thy1-01 (purple) in comparison with the expression in peripheral Tregs analyzed on PBMCs (gray) from a blood sample
collected immediately pretransplant (pre-Tx) from the same patient. (C) Quantification of cytokine release capacity of thy Treg in culture supernatant of infused
thyTreg product. Anti-inflammatory cytokine IL-10 in blue; proinflammatory cytokines in red. (D-F) Suppressive capacity of infused thyTreg product, defined
as % inhibition of CD4* T cell (D) and CD8* T cell (E) proliferation at the indicated ratios. Stability of FOXP3 expression in the thyTreg product under control (CT,

blue) or Thl (orange) and Th17 (green) proinflammatory conditions (F).

Treg in patient thyl-01 after thyTreg infusion compared with
controls (Fig. 3 B). The Treg counts become comparable with
controls from 9 mo after transplant to the end of follow-up de-
spite total CD4" T cells in this patient (Fig. 3 C) continuing to
drop below control values. The immunosuppression and poten-
tially also the thymectomy inevitably lead to a reduction in the
CD4* T counts that also affects Treg counts (Bernaldo-de-Quiros
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et al., 2021). However, the thyTreg therapy may partially com-
pensate for this effect and preserve the Treg proportion, which
has been proved to be relevant for the risk of acute rejection and
for maintaining an appropriate immune homeostasis.

We analyzed the evolution of the total Treg pool in the pe-
riphery by measuring the expression of markers associated with
Treg function and homing (Fig. S3, B-D). Comparing pre- and
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Figure 2. Schematic representation of the clinical trial (NCT04924491). (A and B) Graphic summary of the thyTreg infusion performed in patient thy1-01
(A) and peripheral blood sampling chronogram employed for both treated patient and control cohort (B).

post-infusion samples, we observed an increase in the propor-
tion of FOXP3* and HELIOS* Tregs in periphery in the first
month after infusion, but the expression of most of the markers
in the Treg pool was not significantly modified by the infusion of
thyTregs. We observed an increase in the proportion of HLA-
DR* Tregs in the first year after infusion, which could reflect an
activation of the Treg pool. However, we also observed an in-
crease in the proportion of ICOS*, TIGIT*, and GITR* Tregs in the
last year of follow-up. Higher expression of ICOS has been
associated with increased Treg generation, proliferation, and
survival abilities and higher suppressive capacities of Tregs, and
is also associated with an increased expression of TIGIT

Bernaldo-de-Quirés et al.
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and GITR (Li and Xiong, 2020). Therefore, in addition to a pre-
served Treg frequency, the expression of markers related to Treg
function is also preserved or even increased in the treated pa-
tient. Other mechanisms that could also contribute to the pres-
ervation of Treg frequency in the treated patient are the absence
of the thymus in heart transplant patients, which could create
“space” for the injected thyTregs to expand, or that the injected
thyTregs could promote differentiation or recruitment of more
endogenous Tregs by the mechanism described as infectious
tolerance (Sullivan et al., 2020).

It is important to consider that the results shown in this first-
in-human report are from a single patient and as such are
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Figure 3. Peripheral Treg values in thyTreg-treated patients in com-
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insufficient to draw definitive conclusions. Moreover, since
thy1-01 is a pediatric patient recruited at 7 mo old, the amount of
blood that can be safely collected in clinical follow-up is very
limited. As a result, additional data such as the TCR repertoire of
the Treg population, which would be useful to determine the
dynamics of the Treg peripheral population after therapy, are
not available. It will be necessary to complete the trial in more
patients to confirm the efficacy of the therapy to reverse the drop
in Treg, which could reduce the risk of graft rejection, but these
initial results provide the first evidence for the feasibility and
safety of this novel therapy.

This first-in-human employment of thyTreg paves the way
for a novel generation of Treg therapies that could establish a
new paradigm in preventing allograft rejection in heart trans-
plant infants but also as a treatment for other immune-related
disorders. Umbilical cord blood-derived Tregs have been em-
ployed as a partial match allogeneic therapy in adults to prevent
graft-versus-host disease (Brunstein et al., 2016) with success,
potentially attributable to a less differentiated or naive pheno-
type conferring hypoimmunogenic features. Considering the
potential for multiple therapeutic doses to be obtained from a
single thymus (even without employing extensive expansion)
and the potential hypoimmunogenic features related to the
naive-like phenotype of these thyTregs, this cell therapy could
open the possibility of using off-the-shelf thyTregs to prevent
rejection or to treat other inflammatory disorders or autoim-
mune diseases in both children and adults.

Materials and methods

Design and clinical endpoints

The patient described has been included in an exploratory and
prospective phase I/II clinical trial to evaluate the safety and
efficacy of transfusing autologous thyTregs to prevent rejection
in children undergoing heart transplantation (EudraCT: 2018-
003574-28; NCT04924491). The patient was treated at Hospital
General Universitario Gregorio Marafién in Madrid (HGUGM),
and together with the infants included in the control cohort, was
transplanted and clinically followed at the Pediatric Intensive
Care Unit (ICU) and Department of Pediatric Cardiology of
HGUGM. The protocol was reviewed and authorized by local and
federal authorities following current regulations and received
the approval of the ethical committee of the HGUGM and the
Spanish Agency for Medicines and Health Products (AEMPS)
(detailed trial description and protocol are available at https://
clinicaltrials.gov/ct2/show/NCT04924491).

The primary endpoint is to achieve a repopulation of Treg
cells in the patient, determined as the increase of Treg values in
peripheral blood with respect to pretransplant values or in
comparison with a control cohort of non-treated patients, which
are described to progressively decrease in heart transplant
children (Bernaldo-de-Quiros et al., 2021).

In addition to safety (rate of toxicities), another surrogate
endpoint is the incidence of suspected rejection episodes in the
2 years after transplant (the period with a high incidence of
acute rejection).
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Patient description

Here, we report results in the first case of a patient treated with
thyTregs, who has completed the trial with a follow-up 2 years
after transplant and after receiving the single thyTreg admin-
istration (Fig. 2). The first patient (thyl-01) receiving the thy-
Treg therapy was a female with dilated cardiomyopathy with a
left bundle branch block. She was transplanted at 7 mo of age
and weighed 6.10 kg, receiving an ABO-incompatible heart
(donor: B; recipient: O) (West et al., 2001) with a donor:recipient
weight ratio of 0.8:1. The parents of thyl-01 agreed to their
child’s participation in the study by signing the informed
consent form.

The control group included four heart transplant recipients
<2 years (mean age = 6.25 mo at transplant) (Table 1). All pa-
tients were thymectomized (estimated >90% thymic tissue re-
section) before transplantation.

None of the patients (controls and treated) received induc-
tion therapy. All patients received the same immunosuppressive
regimen with tacrolimus (TAC), mycophenolate mofetil (MMEF),
and methylprednisolone (Pred). Pred was administered intra-
operatively with two doses of 10 mg/kg, 1 mg/kg every 6 h on
day 0, then 1 mg/kg every 12 h for the first month, and subse-
quently 1 mg/kg every 24 h with progressive reduction. Pred
dose was reduced progressively until withdrawal within the first
year after transplantation. Patient thyl-01 stopped the admin-
istration of Pred at day +327. MMF was administered at 600 mg/
m?, a pretransplant dose and continued after transplant every
12 h indefinitely. TAC was initially administered from day +3
after transplant at 0.1 mg/kg/day and target levels of 10 ng/ml in
plasma from day +7 after transplant. Controls and the treated
patient were clinically and immunologically followed up peri-
odically for 2 yr after transplant (Fig. 2).

In addition to the first patient receiving the thyTreg therapy
(thy1-01) reported here, five additional infants of a similar age
and undergoing a heart transplant have been also included in the
active arm of the study receiving the thyTreg infusion, but they
have not still completed the follow-up.

ThyTreg therapy manufacturing and administration

The treated patient (thyl-01) received the same immunosup-
pressive regimen as the control group, and concomitantly, the
infusion of autologous thyTreg purified from her thymus.
Thymic tissue collected during the transplant procedure was
processed in the GMP Cell Production Unit of IISGM, accredited
by the AEMPS, to obtain the therapeutic dose. Thymic tissue was
dissected mechanically to obtain a suspension of thymocytes and
thyTreg cells were purified by immunomagnetic positive se-
lection of CD25" cells using the CliniMACS Plus (Miltenyi Bio-
tec). ThyTreg cells were cultured in GMP conditions with 600
U/ml of GMP IL-2 and T-cell TransAct (both from Miltenyi Bio-
tec). These 7 + 2 days of culture have the goal of maintaining the
cells viable while waiting for the patient to stabilize after
the heart transplantation. Moreover, this short culture increases
the purity of the cells, allows us to preactivate the cells before
infusion, and to perform all the quality and safety controls in the
therapeutic product prior to administration of the cells. When
the patient thyl-01 was considered stabilized in the Pediatric
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Intensive Care Unit (+9 days after transplant), the therapeutic
product’s quality release criteria and safety controls were per-
formed. 122 x 10° thyTreg cells (20 x 106 cells per kg dose as-
signed) were diluted in lactated Ringer’s solution (Braun) with
2% human albumin (Octalbin 200 mg/ml; Octapharma), dis-
pensed in a transfer bag, and administered intravenously to the
patient.

Phenotypic and functional analysis of infused thyTreg
The viability and phenotype of the thyTreg-infused product
were evaluated by flow cytometry with a MACSQuantlé cy-
tometer (Miltenyi Biotec), and data were analyzed using Kaluza
software (Beckman Coulter). The gating strategy is depicted in
Fig. S1. The infused product had a proportion of viable cells of
96.60% and a proportion of CD25*FOXP3* cells (purity) of
89.90%. In vitro suppression assay was performed by co-
culturing Cell Trace Violet-labeled peripheral blood mononu-
clear cells (PBMC) obtained from buffy coats of healthy donors
(provided by Madrid Transfusion Center) and thyTreg at
different ratios in the presence of anti-CD3/anti-CD28 coated-
beads (Dynabeads; Gibco) in X-VIVO 15 media (Lonza) supple-
mented with 5% serum human AB (Sigma-Aldrich) and 600
U/ml of IL-2 (ImmunoTools). After 3 days, cells were analyzed
by flow cytometry and the percentage suppression of prolifer-
ation was calculated according to the “Division index method”
(McMurchy and Levings, 2012) within CD4* and CD8* T cells.
To evaluate thyTreg stability under proinflammatory con-
ditions, thyTreg (and PBMC in parallel) were cultured and re-
stimulated with TransAct alone or together with the following
cytokines (ImmunoTools): IL-2 and IL-12 (polarizing condition
to Thl); and IL-2, IL-1B, IL-6, IL-23, and TNF-a (polarizing con-
dition to Thi17). On day 3, cell culture supernatants were col-
lected and the phenotype and function of thyTreg were
analyzed. Quantification of secreted cytokines in cell su-
pernatants was performed using ELLA Protein-Simple (Bio-
techne) immunoassay technology. DNA methylation profile was
analyzed by targeted Next-Gen bisulfite sequencing (NGS070V3
assay) performed by EpigenDx Inc.

Immunological evaluation of Treg values in peripheral blood
To evaluate the effect of thyTreg infusion in the peripheral Treg
compartment, Treg frequency in blood was compared to pre-
transplant values and a control cohort of age-matched heart
transplant recipients receiving the same immunosuppressive
regimen but without thyTreg therapy. 100 ul of whole periph-
eral blood was periodically collected (Fig. 2 B) and stained with
T cell surface markers (markers and gating strategy described in
Bernaldo-de-Quirds et al, 2021 and Fig. S1). After surface
staining, red blood cells were lysed using RBC Lysis/Fixation
Solution (BioLegend). Samples were evaluated by flow cytome-
try with a MACSQuantlé cytometer and data were analyzed
using Kaluza software.

Online supplemental material

We are including three supplemental figures that support and
extend the findings and figures contained in the manuscript. Fig.
S1shows the flow cytometry gating strategy of thyTreg cells. Fig.
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S2 shows additional characterization and stability of the infused
thyTreg product. Lastly, Fig. S3 shows Treg frequencies and Treg
pool characterization before and after infusion.

Data availability

The data underlying Table 1 and Figs. 1, 2, 3, S1, S2, and S3 are
available in the published article and its online supplemental
material. Raw data of this manuscript are not publicly available
in any repository to preserve individuals’ privacy under the
European General Data Regulation. However, the data are
available from the corresponding author upon reasonable
request.

Acknowledgments

We would like to thank R. Lépez-Esteban and all the members of
the Laboratory of Immune-Regulation for their help in this
project. We thank P. Alcaide for her participation in the patient
follow-up and administration of thyTreg doses. We thank C.
Pardo, R. Pérez-Caballero, and A. Pita from the Cardiac Pediatric
Surgery Department of HGUGM for their participation in the
transplant procedure and the extraction of thymic tissue. We
thank J. Lépez-Herce and G. Manrique from the Pediatric ICU at
HGUGM for their participation in the administration of therapy
and clinical follow-up of the patients. We thank E. Seoane for her
feedback on pediatric immunology. We thank C. Medrano from
the Pediatric Cardiology Department for his support of the
project. We thank S. Suarez, V. Plasencia, and A. Acosta from the
Cell Production Unit for their participation in the production of
thyTreg doses. We thank ].L. Diez and J. Anguita from the He-
matology Department at HGUGM for providing access to the
CliniMACs equipment. We also thank Elena Blazquez and
J. Lépez-Abente for their contribution in the initial phases of the
project, and Maribel Clemente and the Culture Unit of IISGM for
technical assistance. We thank all the nurses and staff of the
HGUGM that have collaborated on this project. Thanks to the
parents of the patients and to the patients who participated in
the studies and the clinical trial. Finally, we thank the solidarity
of the families of the donors who made it possible to carry out
transplants and save lives.

This work was supported by grants from “Fundacién Familia
Alonso” (FFA-2019), from Instituto de Salud Carlos III (ISCIII)
co-financed by FEDER funds (P118/00495, PI18/00506, ICI20/
00063, P121/00189), and from Comunidad de Madrid (EXOHEP-
CM, B2017/BMD-3727). E. Bernaldo-de-Quirés is supported by
grants from the EXOHEP-CM (Comunidad de Madrid) and
ICI20/00063 (ISCIII) projects, M. Martinez-Bonet is supported
by a grant from the ISCIII “Sara Borrell” program (CD18/00105),
and the Marie Sklodowska-Curie program from H2020 (MSCA-
IF-EF-RI. 101028834).

Author contributions: All the authors have participated suf-
ficiently in this work to take public responsibility for the con-
tent. E. Bernaldo-de-Quirés, M. Camino, M. Martinez-Bonet,
J.M. Gil-Jaurena, N. Gil, D. Hernandez-Florez, M.E. Fernandez-
Santos, L.J. West, and R. Correa-Rocha have participated in the
design of the study. L. Butraguefio, M. Camino, J.M. Gil-Jaurena,
and N. Gil have been involved in recruiting patients, transplant

Bernaldo-de-Quirés et al.
First administration of thyTreg in a transplanted infant

procedures, clinical monitoring, and collecting patient samples.
E. Bernaldo-de-Quirés and M. Martinez-Bonet have carried out
the sample processing, immune analysis, and validation of the
results. E. Bernaldo-de-Quirds, M. Martinez-Bonet, and R. Cor-
rea-Rocha have performed the data analysis and the interpre-
tation of the results. E. Bernaldo-de-Quirés, M. Martinez-Bonet,
M. Pion, L.E. Dijke, M.K. Levings, L.J. West, and R. Correa-Rocha
have participated in the result discussion and writing of the
manuscript. R. Correa-Rocha is responsible for the overall study,
including research design, data analysis, and writing of the pa-
per. R. Correa-Rocha is the principal investigator and promoter
of the clinical trial.

Disclosures: E. Bernaldo-de-Quirds reported a patent to
WO02019/166658A1 pending. M. Pion reported a patent to
W02019/166658A1 issued. R. Correa-Rocha reported personal
fees from THYTECH outside the submitted work; in addition, R.
Correa-Rocha had a patent to W02019/166658A1 pending. No
other disclosures were reported.

Submitted: 19 June 2023
Revised: 30 August 2023
Accepted: 6 October 2023

References

Arroyo Hornero, R., G.J. Betts, B. Sawitzki, K. Vogt, P.N. Harden, and K.J.
Wood. 2017. CD45RA distinguishes CD4+CD25+CD127-/low TSDR
demethylated regulatory T cell subpopulations with differential
stability and susceptibility to tacrolimus-mediated inhibition of
suppression. Transplantation. 101:302-309. https://doi.org/10.1097/TP
.0000000000001278

Bernaldo-de-Quirds, E., B. Cézar, R. Lopez-Esteban, M. Clemente, J.M. Gil-
Jaurena, C. Pardo, A. Pita, R. Pérez-Caballero, M. Camino, N. Gil, et al.
2022a. A novel GMP protocol to produce high-quality Treg cells from
the pediatric thymic tissue to Be employed as cellular therapy. Front.
Immunol. 13:893576. https://doi.org/10.3389/fimmu.2022.893576

Bernaldo-de-Quiréds, E., M. Pion, M. Martinez-Bonet, and R. Correa-Rocha.
2022b. A new generation of cell therapies employing regulatory T cells
(Treg) to induce immune tolerance in pediatric transplantation. Front.
Pediatr. 10:862807. https://doi.org/10.3389/fped.2022.862807

Bernaldo-de-Quirds, E., J. Lépez-Abente, M. Camino, N. Gil, E. Panadero, R.
Lépez-Esteban, M. Martinez-Bonet, M. Pion, and R. Correa-Rocha. 2021.
The presence of a marked imbalance between regulatory T cells and
effector T cells reveals that tolerance mechanisms could Be compro-
mised in heart transplant children. Transpl. Direct. 7:¢693. https://doi
.org/10.1097/TXD.0000000000001152

Brunstein, C.G., J.S. Miller, D.H. McKenna, K.L. Hippen, T.E. DeFor, D.
Sumstad, J. Curtsinger, M.R. Verneris, M.L. MacMillan, B.L. Levine,
et al. 2016. Umbilical cord blood-derived T regulatory cells to prevent
GVHD: Kinetics, toxicity profile, and clinical effect. Blood. 127:
1044-1051. https://doi.org/10.1182/blood-2015-06-653667

Canavan, J.B,, C. Scotta, A. Vossenkdmper, R. Goldberg, M.]. Elder, I. Shoval,
E. Marks, E. Stolarczyk, J.W. Lo, N. Powell, et al. 2015. Developing
in vitro expanded CD45RA+ regulatory T cells as an adoptive cell
therapy for Crohn’s disease. Gut. 65:584-594. https://doi.org/10.1136/
gutjnl-2014-306919

Dijke, L.E., R.E. Hoeppli, T. Ellis, J. Pearcey, Q. Huang, A.N. McMurchy, K.
Boer, A.M.A. Peeters, G. Aubert, I. Larsen, et al. 2016. Discarded human
thymus is a novel source of stable and long-lived therapeutic regulatory
T cells. Am. ]. Transpl. 16:58-71. https://doi.org/10.1111/ajt.13456

Hoffmann, P., T.J. Boeld, R. Eder, J. Huehn, S. Floess, G. Wieczorek, S. Olek,
W. Dietmaier, R. Andreesen, and M. Edinger. 2009. Loss of FOXP3
expression in natural human CD4+CD25+ regulatory T cells upon re-
petitive in vitro stimulation. Eur. J. Immunol. 39:1088-1097. https://doi
.0rg/10.1002/¢j1.200838904

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20231045

620z Jequiede( 90 uo 3senb Aq 4pd G101 €202 Wel/01 L0Z6L/SY01£2028/Z1/02Z/#Pd-alomne/wal/Bio0 sseidni//:dny woly pepeojumoq

80of9


https://doi.org/10.1097/TP.0000000000001278
https://doi.org/10.1097/TP.0000000000001278
https://doi.org/10.3389/fimmu.2022.893576
https://doi.org/10.3389/fped.2022.862807
https://doi.org/10.1097/TXD.0000000000001152
https://doi.org/10.1097/TXD.0000000000001152
https://doi.org/10.1182/blood-2015-06-653667
https://doi.org/10.1136/gutjnl-2014-306919
https://doi.org/10.1136/gutjnl-2014-306919
https://doi.org/10.1111/ajt.13456
https://doi.org/10.1002/eji.200838904
https://doi.org/10.1002/eji.200838904
https://doi.org/10.1084/jem.20231045

Hoffmann, P., R. Eder, T.J. Boeld, K. Doser, B. Piseshka, R. Andreesen, and M.
Edinger. 2006. Only the CD45RA+ subpopulation of CD4+CD25high
T cells gives rise to homogeneous regulatory T-cell lines upon in vitro
expansion. Blood. 108:4260-4267. https://doi.org/10.1182/blood-2006
-06-027409

Hoffmann, P., R. Eder, and M. Edinger. 2011. Polyclonal expansion of human
CD4(+)CD25(+) regulatory T cells. Methods Mol. Biol. 677:15-30. https://
doi.org/10.1007/978-1-60761-869-0_2

Jacquemont, L., G. Tilly, M. Yap, T.M. Doan-Ngoc, R. Danger, P. Guérif, F.
Delbos, B. Martinet, M. Giral, Y. Foucher, et al. 2020. Terminally dif-
ferentiated effector memory CD8* T cells identify kidney transplant
recipients at high risk of graft failure. . Am. Soc. Nephrol. 31:876-891.
https://doi.org/10.1681/ASN.2019080847

Koenen, H.J., R.L. Smeets, P.M. Vink, E. van Rijssen, A.M. Boots, and I.
Joosten. 2008. Human CD25highFoxp3pos regulatory T cells differen-
tiate into IL-17-producing cells. Blood. 112:2340-2352. https://doi.org/10
.1182/blood-2008-01-133967

Lamarche, C., and M.K. Levings. 2018. Guiding regulatory T cells to the al-
lograft. Curr. Opin. Organ Transpl. 23:106-113. https://doi.org/10.1097/
MOT.0000000000000483

Li, D.Y., and X.Z. Xiong. 2020. ICOS* Tregs: A functional subset of Tregs in
immune diseases. Front. Immunol. 11:2104. https://doi.org/10.3389/
fimmu.2020.02104

Lépez-Abente, J., M. Martinez-Bonet, E. Bernaldo-de-Quirés, M. Camino, N.
Gil, E. Panadero, J.M. Gil-Jaurena, M. Clemente, S. Urschel, L. West,
et al. 2021. Basiliximab impairs regulatory T cell (TREG) function and
could affect the short-term graft acceptance in children with heart
transplantation. Sci. Rep. 11:827. https://doi.org/10.1038/s41598-020
-80567-9

MacDonald, K.N., ].M. Piret, and M.K. Levings. 2019. Methods to manufacture
regulatory T cells for cell therapy. Clin. Exp. Immunol. 197:52-63. https://
doi.org/10.1111/cei.13297

McClymont, S.A., A.L. Putnam, M.R. Lee, ].H. Esensten, W. Liu, M.A. Hulme,
U. Hoffmiiller, U. Baron, S. Olek, J.A. Bluestone, and T.M. Brusko. 2011.
Plasticity of human regulatory T cells in healthy subjects and patients
with type 1 diabetes. J. Immunol. 186:3918-3926. https://doi.org/10
.4049/jimmunol.1003099

McMurchy, A.N., and M.K. Levings. 2012. Suppression assays with human T
regulatory cells: A technical guide. Eur. J. Immunol. 42:27-34. https://doi
.0rg/10.1002/¢ji.201141651

Miyara, M., Y. Yoshioka, A. Kitoh, T. Shima, K. Wing, A. Niwa, C. Parizot, C.
Taflin, T. Heike, D. Valeyre, et al. 2009. Functional delineation and
differentiation dynamics of human CD4+ T cells expressing the FoxP3
transcription factor. Immunity. 30:899-911. https://doi.org/10.1016/j
.immuni.2009.03.019

Oberholtzer, N., C. Atkinson, and S.N. Nadig. 2021. Adoptive transfer of
regulatory immune cells in organ transplantation. Front. Immunol. 12:
631365. https://doi.org/10.3389/fimmu.2021.631365

Ohe, H., K. Waki, M. Yoshitomi, T. Morimoto, H. Nafady-Hego, N. Satoda, Y.
Li, X. Zhao, S. Sakaguchi, S. Uemoto, et al. 2012. Factors affecting op-
erational tolerance after pediatric living-donor liver transplantation:

Bernaldo-de-Quirés et al.
First administration of thyTreg in a transplanted infant

Impact of early post-transplant events and HLA match. Transpl. Int. 25:
97-106. https://doi.org/10.1111/.1432-2277.2011.01389.x

Orozco, G., M. Gupta, R. Gedaly, and F. Marti. 2022. Untangling the knots of
regulatory T cell therapy in solid organ transplantation. Front. Immunol.
13:883855. https://doi.org/10.3389/fimmu.2022.883855

Romano, M., G. Fanelli, C.J. Albany, G. Giganti, and G. Lombardi. 2019. Past,
present, and future of regulatory T cell therapy in transplantation and
autoimmunity. Front. Immunol. 10:43. https://doi.org/10.3389/fimmu
.2019.00043

Sanchez-Fueyo, A., G. Whitehouse, N. Grageda, M.E. Cramp, T.Y. Lim, M.
Romano, S. Thirkell, K. Lowe, L. Fry, ]J. Heward, et al. 2020. Applica-
bility, safety, and biological activity of regulatory T cell therapy in liver
transplantation. Am. J. Transpl. 20:1125-1136. https://doi.org/10.1111/ajt
.15700

Sather, B.D,, P. Treuting, N. Perdue, M. Miazgowicz, ].D. Fontenot, A.Y. Ru-
densky, and D.J. Campbell. 2007. Altering the distribution of Foxp3(+)
regulatory T cells results in tissue-specific inflammatory disease. J. Exp.
Med. 204:1335-1347. https://doi.org/10.1084/jem.20070081

Sawitzki, B., P.N. Harden, P. Reinke, A. Moreau, J.A. Hutchinson, D.S. Game,
Q. Tang, E.C. Guinan, M. Battaglia, W.J. Burlingham, et al. 2020. Reg-
ulatory cell therapy in kidney transplantation (the ONE study): A
harmonised design and analysis of seven non-randomised, single-arm,
phase 1/2A trials. Lancet. 395:1627-1639. https://doi.org/10.1016/S0140
-6736(20)30167-7

Schatorjé, EJ.H., E.F.A. Gemen, G.J.A. Driessen, J. Leuvenink, R.-W.N.M. van
Hout, and E. de Vries. 2012. Paediatric reference values for the pe-
ripheral T cell compartment. Scand. J. Immunol. 75:436-444. https://doi
.org/10.1111/j.1365-3083.2012.02671.x

Schulz-Juergensen, S., L. Marischen, D. Wesch, H.H. Oberg, F. Fandrich, D.
Kabelitz, and M. Burdelski. 2013. Markers of operational immune tol-
erance after pediatric liver transplantation in patients under immu-
nosuppression. Pediatr. Transpl. 17:348-354. https://doi.org/10.1111/petr
12079

Sullivan, J.A., D.P. AlAdra, B.M. Olson, D.G. McNeel, and W.J. Burlingham.
2020. Infectious tolerance as seen with 2020 vision: The role of IL-35
and extracellular vesicles. Front. Immunol. 11:1867. https://doi.org/10
.3389/fimmu.2020.01867

Todo, S., K. Yamashita, R. Goto, M. Zaitsu, A. Nagatsu, T. Oura, M. Watanabe,
T. Aoyagi, T. Suzuki, T. Shimamura, et al. 2016. A pilot study of oper-
ational tolerance with a regulatory T-cell-based cell therapy in living
donor liver transplantation. Hepatology. 64:632-643. https://doi.org/10
.1002/hep.28459

Tsang,].Y., Y. Tanriver, S. Jiang, E. Leung, K. Ratnasothy, G. Lombardi, and R.
Lechler. 2009. Indefinite mouse heart allograft survival in recipient
treated with CD4(+)CD25(+) regulatory T cells with indirect allospeci-
ficity and short term immunosuppression. Transpl. Immunol. 21:
203-209. https://doi.org/10.1016/j.trim.2009.05.003

West, LJ., S.M. Pollock-Barziv, A.l. Dipchand, KJ. Lee, C.J. Cardella, L.N.
Benson, I.M. Rebeyka, and ]J.G. Coles. 2001. ABO-incompatible heart
transplantation in infants. N. Engl. . Med. 344:793-800. https://doi.org/
10.1056/NEJM200103153441102

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20231045

620z Jequiede( 90 uo 3senb Aq 4pd G101 €202 Wel/01 L0Z6L/SY01£2028/Z1/02Z/#Pd-alomne/wal/Bio0 sseidni//:dny woly pepeojumoq

90of9


https://doi.org/10.1182/blood-2006-06-027409
https://doi.org/10.1182/blood-2006-06-027409
https://doi.org/10.1007/978-1-60761-869-0_2
https://doi.org/10.1007/978-1-60761-869-0_2
https://doi.org/10.1681/ASN.2019080847
https://doi.org/10.1182/blood-2008-01-133967
https://doi.org/10.1182/blood-2008-01-133967
https://doi.org/10.1097/MOT.0000000000000483
https://doi.org/10.1097/MOT.0000000000000483
https://doi.org/10.3389/fimmu.2020.02104
https://doi.org/10.3389/fimmu.2020.02104
https://doi.org/10.1038/s41598-020-80567-9
https://doi.org/10.1038/s41598-020-80567-9
https://doi.org/10.1111/cei.13297
https://doi.org/10.1111/cei.13297
https://doi.org/10.4049/jimmunol.1003099
https://doi.org/10.4049/jimmunol.1003099
https://doi.org/10.1002/eji.201141651
https://doi.org/10.1002/eji.201141651
https://doi.org/10.1016/j.immuni.2009.03.019
https://doi.org/10.1016/j.immuni.2009.03.019
https://doi.org/10.3389/fimmu.2021.631365
https://doi.org/10.1111/j.1432-2277.2011.01389.x
https://doi.org/10.3389/fimmu.2022.883855
https://doi.org/10.3389/fimmu.2019.00043
https://doi.org/10.3389/fimmu.2019.00043
https://doi.org/10.1111/ajt.15700
https://doi.org/10.1111/ajt.15700
https://doi.org/10.1084/jem.20070081
https://doi.org/10.1016/S0140-6736(20)30167-7
https://doi.org/10.1016/S0140-6736(20)30167-7
https://doi.org/10.1111/j.1365-3083.2012.02671.x
https://doi.org/10.1111/j.1365-3083.2012.02671.x
https://doi.org/10.1111/petr.12079
https://doi.org/10.1111/petr.12079
https://doi.org/10.3389/fimmu.2020.01867
https://doi.org/10.3389/fimmu.2020.01867
https://doi.org/10.1002/hep.28459
https://doi.org/10.1002/hep.28459
https://doi.org/10.1016/j.trim.2009.05.003
https://doi.org/10.1056/NEJM200103153441102
https://doi.org/10.1056/NEJM200103153441102
https://doi.org/10.1084/jem.20231045

Supplemental material

[Ungated]

FSC-H

singlets: 97, Aﬁ

[singlets]

[lymphocytes]

SSC

FMO FOXP3

[viable]

CD25

FMO FOXP3: 0,44%

—_—
FOXP3

CD25

viable: 94,12%

Viability

v

[viable]

- (CD25+FOXP3+: 94,48%

CD4

ICD4+SP:

v

[viable]

73,36%

3,65%) (cD8+sP: 3,47%
—l
CD8

Figure S1. Gating strategy of thyTreg cells. Flow cytometry gating strategy and representative dot plots for immune cell populations and subpopulations.
After gating on singlets, lymphocytes (thyTreg cells) were identified by size (forward scatter [FSC]) and complexity (side scatter [SSC]). Within this population,
viable thyTreg were identified. Within viable thyTreg cells, we determined the purity in terms of CD25 and FOXP3 expression (CD25*FOXP3*). Fluorescence

minus one (FMO) of FOXP3 is shown to determine background signal.
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Figure S2.  Additional characterization and phenotypic and functional stability of the infused thyTreg product. (A) Demethylation level of six genome
regions located in four genes (calculated as the mean of demethylation of the CpGs contained in the region) within thyTreg cell product and thyTconv of patient
thy1-01 (female). FOXP3-ADS783 corresponds to the TSDR region of FOXP3. An aliquot of the thyTreg cell product (thy1-01) was restimulated under control
(CT, blue) or under Thl (orange) and Th17 (green) proinflammatory conditions and evaluated after 3 days of culture. (B) The frequency of FOXP3 in viable cells
is representative of the phenotypic stability. (C and D) Summary of quantitation of secreted IFN-y (C) and IL-17A (D) by thyTreg or restimulated PBMC (n = 3)
under proinflammatory conditions. (E and F) Summary of the suppressive capacity as inhibition of CD4* (E) and CD8* (F) T cell proliferation of thyTreg at ratio
1:1 in control or Thl and Th17 switching conditions.
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Figure S3. Treg frequencies and characterization of the Treg pool before and after infusion. (A) Treg frequencies within CD4* T cells of the patient
treated (thy1-01) and controls. Mean + 95% confidence interval in the control cohort (n = 4) is represented as a solid gray line. Whole peripheral blood samples
from patient thy1-01 (blue) and controls (gray) at all time points were considered. Peripheral blood Treg cell compartment was analyzed in patient thy1-01 by
flow cytometry at preinfusion (Pre-inf; 8 days after transplant), 1 day after infusion (Post-inf 1 day), 1 mo, 6 mo, 1year, and 2 years after infusion in patient thy1-
01. (B) Frequency of CD25*FOXP3* Treg on CD4* T cells analyzed on PBMCs from blood samples. (C and D) Frequency of phenotypic/functionality (C) and
homing (D) markers within viable CD25*FOXP3* Treg cells analyzed on PBMCs from blood samples at those time points during the follow-up.
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